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ABSTRACT 
 Organic	  waste	   streams	  often	   include	  bioplastics,	   such	  as	  polylactic	  acid	   (PLA)	  and	  food	  waste.	  PLA	   is	  a	  plant-­‐derived	  bioplastic	   intended	   to	  replace	  petroleum	  based	  plastics;	  it	   is	  often	  used	  to	  make	  utensils	  and	  food	  packaging.	   	   	  Recently,	  managing	  food	  waste	  and	  PLA	  are	  becoming	  more	  and	  more	  complex	  as	  the	  amounts	  disposed	  continue	  to	  increase.	  PLA	  and	  food	  waste	  are	  often	  comingled	  during	  disposal	  since	  PLA	   is	   touted	   as	   being	   compostable.	  However,	   PLA	  does	   not	   degrade	   at	   the	   same	  rate	   as	   food	   waste	   in	   compost	   facilities.	   As	   such,	   PLA	   builds	   up	   within	   compost	  facilities	  and	  has	  to	  be	  screened	  out	  and	  ultimately	  is	  sent	  to	  landfills.	  Thus,	  PLA	  is	  not	  actually	  achieving	  the	  sustainability	  or	  landfill	  waste	  diversion	  goals	  that	  were	  originally	   envisioned	   for	   the	   product.	   And	   PLA	   does	   not	   become	   part	   of	   the	   soil	  amendment	  that	  can	  be	  produced	  from	  composting	  food	  waste.	  Despite	  the	  benefits	  of	   composting	   food	  waste,	  both	   food	  waste	  and	  PLA	  are	   commonly	  disposed	  of	   in	  landfills;	   sending food waste and PLA to landfills without energy recovery are 
unexploited sources of energy. Most landfills in the US do not capture methane generated 
from the degradation of organic wastes. Anaerobic digestion is a renewable energy 
technology that converts organic waste to value products under anaerobic conditions and 
could be a viable waste management option for food waste and PLA.  
The aim of this dissertation is to develop waste management methods for 
anaerobic digestion of food waste and PLA with energy recovery. In order to enhance the 
degradation of PLA, an alkaline pretreatment was investigated for its potential to 
accelerated degradation of PLA and its performance when anaerobically digested with 
 iii 
food waste. The dissertation further investigates the environmental impacts associated 
with this new technique through life cycle assessment. The anaerobic digestion system 
was evaluated for Sittee River, Belize. The aim of the international research component 
was to quantify the amount of food waste generated by the community, to estimate the 
environmental and cost impacts of implementing waste to energy solutions in a rural 
developing community, and to evaluate whether or not waste could be used to meet local 
cooking needs for Sittee River’s local school.  
Results from this dissertation showed that the best food waste to inoculum ratio 
was 1.42 g chemical oxygen demand (COD)/g volatile solids (VS) due to its short lag 
time, highest CH4-COD recovery and methanogenic yield.  In addition, amorphous (i.e. 
thin film) and crystalline (i.e. plastic cup) PLA reached near complete solubilization at 
97% and 99% respectively, when alkaline pretreatment was applied. Furthermore, this 
dissertation shows that treating PLA with alkaline pretreatment has the greatest solid 
reduction of PLA and maximum production of methane when combined with food waste 
and anaerobic digested sludge. Incorporating anaerobic digestion as a waste management 
technique in rural communities, like Sittee River, Belize, may reduce greenhouse gas 
emissions while providing a cost effective fuel for cooking. Lastly, the life cycle 
assessment found that sending food waste and treated PLA to anaerobic digestion emits 
the least amount of CO2 equivalent emissions when compared to landfill and compost. 
The outcomes from this dissertation not only develop novel and innovative 
technical and computational solutions to determine the best method to recover energy and 
biosolids value, but also provide real solutions for wastewater treatment plants and 
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developing, rural communities.  In addition, this research was used to evaluate the waste 
management techniques of Sittee River, Belize (a rural developing community) and 
provide recommendations for a renewable source of energy for cooking school lunches.  
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CHAPTER ONE  
 
INTRODUCTION 
Motivation/Rationale 
Organic waste streams often include plant-based plastics [bioplastics, such as 
polylactic acid (PLA) food packaging products] and food waste that together emit 
copious amounts of carbon dioxide (CO2) and methane (CH4) when food waste 
decomposes in traditional landfills (EPA, 2015b; Gómez & Michel Jr, 2013; Kolstad, 
Vink, Wilde, & Debeer, 2012a); Krause and Townsend (2016). Although landfills can 
recover gas, only 20% of landfills in the US are equipped to recover methane and convert 
it to energy (EPA, 2016a). In 2012, food waste was the largest contributor to municipal 
solid waste, comprising 21% of waste in landfills in the U.S. (EPA, 2014a). By 2021 
bioplastics demands are expected to rise to about six million tonnes (Smithers-Rapra, 
2016). NatureWorks LLC, the primary producer of the bioplastic PLA, produced nearly 
150,000 tons of resin in 2013 and is expanding their operations with a new facility in 
Thailand (Verbruggen, 2014). Recently, handling food waste has become more 
complicated because it is often ‘contaminated’ with bioplastics. Bioplastics such as PLA 
are often used in food packaging and are popular because they can undergo the same 
waste disposal (i.e. compost) as the food they are packaged in. Increasingly, bioplastics 
are purchased with the aim of achieving zero-waste and sustainability goals for 
organizations such as universities and sporting events, to name just a few. Composting is 
a landfill diversion strategy that is often targeted for food and bioplastic wastes since they 
are commonly comingled during disposal; however degradation of food waste in compost 
still results in greenhouse gas emission while bioplastics – despite being touted as 
2 
compostable – experience little to no degradation in industrial composting facilities 
(Kolstad et al., 2012a).  
Recently, waste management options for handling PLA have become more 
complicated because it is ‘contaminated’ with food waste. Similar to most traditional 
plastics, PLA co-disposed with food waste makes it difficult to recycle without expensive 
separating and sanitizing processes (Hopewell, Dvorak, & Kosior, 2009). In addition, 
there is no current systems that allows PLA to be recycled, which is most likely to result 
in PLA being redirected to landfills alongside other municipal solid waste (MSW) such 
as food waste (Meeks, Hottle, Bilec, & Landis, 2015). Being able to compost bioplastic is 
an attractive option that allows disposal in the soil through naturally occurring 
microorganism such as bacteria, fungi and algae (Auras, Lim, Selke, & Tsuji, 2011).  
However, most commercialized bioplastics do not fully degrade in real composting 
conditions (Meeks et al., 2015; Siracusa, Rocculi, Romani, & Rosa, 2008). Bioplastics 
may fragment into smaller pieces, accumulate in compost causing contamination and 
decrease the quality of compost (Kale et al., 2007). This has led to many composting 
facilities screening out bioplastics not accepting bioplastics into their facility (Kale et al., 
2007; Meeks et al., 2015).  
Alternative waste management strategies can solve the problems associated with 
food waste and composting. Anaerobic digestion (AD)–a technology that biodegrades 
and stabilizes organic matter by microorganism in anaerobic conditions leading to biogas 
production and biosolids that can be used as fertilizer and source of energy respectively–
is increasingly used to manage food waste. Food waste can be an excellent input for 
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anaerobic digesters due to its high energy and moisture contents (Levis & Barlaz, 2011; 
Moriarty, 2013) and due to a lipid-rich resource of long chain fatty acids (LCFAs) (Cirne, 
Paloumet, Björnsson, Alves, & Mattiasson, 2007).  These LCFAs can be fermented to 
volatile fatty acids (VFAs) that are then converted into acetate and hydrogen gas, the 
substrates needed by methanogens. Digesting food waste alone can inhibit 
methanogenesis; therefore co-digesting food waste with municipal sludge is a promising 
strategy (Elbeshbishy, Nakhla, & Hafez, 2012; G. Liu, Zhang, El-Mashad, & Dong, 
2009; Neves, Oliveira, & Alves, 2004). Biosolids are produced as a result of AD, and can 
be used as a soil amendment while methane can be converted to energy and/or fuel. 
However, as food waste is increasingly comingled with bioplastic waste, it is unclear 
how bioplastic might affect AD systems. No one has investigated the degradability of 
bioplastic when comingled with food waste for AD. It is unknown if combined 
bioplastics and food waste streams can contribute to CH4 generation in ADs.  
Prior research shows that pretreatment of food waste neutralizes inhibitions that can 
occur when food waste is anaerobically digested (Ma, Duong, Smits, Verstraete, & 
Carballa, 2011). Since food waste and bioplastic have complimentary characteristics, the 
same should be true for bioplastics. Pretreated bioplastic in aerobic compost has been 
proven to partially degrade (Hottle, Agüero, Bilec, & Landis, 2016b) and mineralize in 
anaerobic digesters (Itävaara, Karjomaa, & Selin, 2002; Yagi, Ninomiya, Funabashi, & 
Kunioka, 2009). Thus, it follows that co-digestion of food waste and pretreated 
bioplastics along with municipal sludge could accelerate degradation and enhance 
bioplastics ability to produced methane in AD. However, the impacts of bioplastics and 
4 
food waste in AD systems are unclear; degradation rates and methane production rates 
are unknown for food and bioplastic wastes that are co-digested in AD. There are no 
studies or tools that evaluate the feasibility of AD to convert both food and bioplastic 
waste to energy and nutrient rich biosolids, nor are there any peer-reviewed critical 
assessments of system sustainability. Figure 1.1 demonstrates conventional methods of 
disposing bioplastics via composting and its limitations that could possibly be addressed 
with AD.  
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Figure 1.1: Challenges associated with food and bioplastic waste.  
Conventional scenario of sending food waste and PLA to composting achieves many 
cities zero waste goals (depicted by green arrows); however PLA does degrade at the 
same rate of food waste and our screened out and sent to landfill (depicted by red 
arrows). Sending pretreated PLA and food waste may achieve zero waste goals as well as 
energy and soil amendment (depicted by blue arrows).  
 
Life cycle assessment (LCA) assist in decision making by evaluating material 
flows and impacts that result from different end of life treatments for wastes. Most of the 
work that has been done on modeling waste scenarios has focused on optimizing the 
current waste handling paradigm with recycling only becoming a piece of most models in 
the 1990s. Since then, there has been a slow progression towards the development of 
tools to identify more sustainable methods to waste management (Morrissey & Browne, 
6 
2004). Waste management, which is characterized by a relationship between sources, 
sinks and offsets, has resulted in decreasing environmental impacts even while MSW 
increased by 60% from 1974 to 1997. Significant improvements were largely due to 
methane emissions reduction from landfills and increased recycling rates (Weitz, 
Thorneloe, Nishtala, Yarkosky, & Zannes, 2002). It is important to understand these 
waste management scenarios and discover the more environmentally friendly and 
energetically positive technique for managing food waste and PLA.  
7 
Research Objectives 
This thesis investigates the development of novel pretreatments for bioplastics 
that facilitate their degradation in existing anaerobic digester systems using alkaline 
pretreatment, demonstrates the feasibility of co-treating food waste and bioplastics in 
both commercial and bench-scale reactors, quantifies the environmental impacts of 
implementing technologies and evaluates sustainable solutions for city-scale 
implementation. The goals of this novel research were to determine the best methods to 
recover energy and biosolids value through centralized waste treatment in a municipal 
wastewater treatment plant (WWTP) and decentralized systems such as rural 
communities with an AD system. This dissertation was guided by four research 
questions: 
RQ1. What is the optimal mixing ratio of food waste to anaerobic digested 
sludge (ADS) that will increase bioavailability for methane production? 
RQ2. Can PLA’s percent of mass degradation be accelerated using alkaline 
pretreatment? 
RQ3. How much methane can pretreated PLA and food waste yield when 
anaerobically digested? 
RQ4. What are the environmental impacts for co-treated PLA and food waste 
using AD to manage waste versus conventional waste management 
techniques as it relates to city and rural systems?  
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Intellectual Merit 
While the potential for food waste to be managed via anaerobic digestion has 
been well studied, the degradation (and contamination) of bioplastics in AD systems is 
unknown. Bioplastics are often comingled with food waste. Bioplastic fail to degrade in 
industrial composing conditions, and they are often banned from commercial AD systems 
that accept food waste. While the US Environmental Protection Agency (EPA) 
recommends sustainable methods for landfill diversion of organic waste, this not practical 
for food waste that is comingled with bioplastics  
This research addresses a significant gap in knowledge surrounding AD as a 
landfill diversion and waste to energy strategy. There are no studies or standards designed 
to co-treated food waste and bioplastic so that landfills can be avoided and valued 
products such as energy and biosolids are recovered. Biochemical methane potential 
(BMP) assays were established to quantify the implications of different food waste to 
anaerobic digester sludge (ADS) composition on AD performance, methane and 
hydrogen production.  Pretreatments that accelerate the degradation of bioplastic were 
evaluated for their ability to increase degradation as well as to minimize environmental 
impacts and implementation cost for communities. LCA was used to quantify the 
environmental impacts. Utilization of alkaline pretreatment was evaluated to improve the 
sustainability of the systems from a life-cycle. City-scale analysis of AD waste 
management solutions was assessed using a case study approach for municipalities in the 
US and a rural village, Sittee River, Belize. The results of the study will contribute to the 
scientific understanding of methods to enhance bioplastic degradation and manage food 
9 
waste in a sustainable manner.  
 
Broader Impacts 
 The proposed research not only develops novel and innovative technical and 
computational solutions to determine the best method to recover energy and biosolids 
value, but also provides real solutions with industrial partners. Through these 
partnerships, the propose research has the potential for significant broader impact. This 
research could enable a shift in how bioplastics are currently managed and help cities and 
facility managers evaluate a broader range of organic waste options. Findings from this 
research were disseminated through traditional academic avenues (e.g. peer-reviewed 
publications and conferences) abroad and domestically.  
 In addition, this research has been used to address Sittee River, Belize (a rural 
developing community) waste management techniques and provide a renewable source of 
energy for cooking school lunches. Sittee River community members were highly 
engaged in the project plan, building and maintenance; this has the potential to create 
jobs and potential business ventures. From this research, Sittee River has the ability to set 
an example for the rest of Belize on their way to their national goal of 100% renewable 
energy by 2030. Educational opportunities for both Sittee River and students across the 
US were provided. The outcomes from this research has led to developing sustainable 
strategies for converting waste to energy, revised waste management techniques, 
increased economic development and new educational programs focused on sustainable 
waste management for over 60 primary school students. 
10 
 With funding from the National Science Foundation Research Experience for 
Undergraduates, summer research projects focused on providing exciting cutting-edge 
research focused on evaluating the biodegradation of PLA with food waste was 
established.  Undergraduate students have assisted with waste audits, design and 
execution of laboratory experiments and data collection. One student’s research projects 
have led to peer-reviewed publications and a presentation abroad. The research 
experience has led to an annual summer program targeting underrepresented groups in 
STEM fields.  
 
Organization of the Thesis 
This dissertation is organized around manuscripts that are currently in review, in 
preparation to be submitted to journals and one conference proceeding. As such, each 
chapter has its own abstract and was written to be a stand-alone paper. Each manuscript 
addresses the aforementioned research questions summarized in Table 1.1. The remainder 
of Chapter 1 presents the Intellectual Merit and Broader Impacts of the dissertation and 
discusses scholarly work by identifying past research and existing knowledge gaps. 
Chapter 7 is the conclusion chapter, which summarizes the benefits and trade-offs of 
enhanced AD of pretreated PLA and food waste, highlights key findings from the 
research, and makes recommendations for future work.  
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Table 1.1: Summary of Dissertation Organization  
Thesis 
Chapters 
Manuscripts 
Research Questions 
RQ1 RQ2  RQ3 RQ4 
Ch. 2 Enhancing	  anaerobic	  digestion	  of	  food	  waste	  through	  Biochemical	  Methane	  Potential	  Assays	  at	  different	  substrate:	  inoculum	  ratios	   ★    	  
Ch. 3 Anaerobic	  digestion	  of	  biopolymer	  and	  food	  waste:	  Effect	  of	  pretreatment	  on	  methane	  yield	  and	  solid	  reduction	    ★  ★   
Ch. 4 Sustainability	  Approach:	  Food	  waste	  to	  energy	  solutions	  for	  small	  rural	  developing	  communities    ★  
Ch. 5 Environmental	  implications	  of	  food	  and	  PLA	  waste	  management	  options    ★  
Ch. 6 Comparative life cycle assessment of polylactic acid and food waste disposal methods 
   ★  
 
Literature Review 
Waste streams of food waste  
Harvesting and producing underutilized food requires a major investment of resources 
(Hall, Guo, Dore, & Chow, 2009) and drains the food supply chain while demands of 
food increase due to world population growth (Capone, El Bilali, Debs, Cardone, & 
Driouech, 2014; Kummu et al., 2012).  There have been many organizations that were 
established to reduce food loss from a social, environmental and economical perspective. 
One in particular, is the Food and Agriculture Organization of the United Nations 
established in 1945. The first World Food Conference in 1974 recognized reduction of 
food waste produced from post harvesting as a solution for addressing world hunger 
(Parfitt, Barthel, & Macnaughton, 2010). Unfortunately, world hunger is still a 
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detrimental current problem despite the world producing more food than consumed 
(FAO, 2011).  
In developing countries, the main contributor to food loss is not having adequate 
storage for fresh, fruits and vegetables in the supply chain from field to consumers 
(Parfitt et al., 2010). In addition, climate and seasonal changes in developing countries 
impact organic waste generation(Wells, 1994; World Bank, 2001).  Wells (1994) finds 
that organic waste generations in low-income households are due to food preparation 
from base ingredients.  
 Large amounts of organic waste going to landfills has led to heightened concerns 
about global warming and initiatives such as the United States 2030 Food Loss and 
Waste Reduction Goal (USDA, 2015). To achieve this goal the US EPA has created a 
Food Recovery Hierarchy highlighting the most and least preferred method for reducing 
food waste. Industrial waste use, one of the Food Recovery Hierarchy preferred options, 
of food waste produces methane that can be harvested and used as a renewable energy 
source (Sterner, 2009). Decaying food waste in landfills release significant amounts of 
methane, a potent greenhouse gas (Wang, Odle III, Eleazer, & Bariaz, 1997) and given 
that only 20% of the landfills in the US recover methane (EPA, 2016a) this is a 
detrimental problem.  
Globally, food waste is a complex problem that makes it difficult to address loss 
and waste of food with one solution.   For example, Bennet’s Law states that as more and 
more people become wealthier there is a switch from starchy foods, such as cereal and 
potatoes, to more variety of food items, especially meat (Bennett, 1941). In addition, 
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prosperous populations waste more food than any other population (Bennett, 1941).  
Study conducted by Godfray et al. (2010) highlights the following factors that lead to 
food waste: on-farm, transport and processing, retail, food services and home municipal. 
Loss and waste of food occurs the most during home municipal for developed countries 
whereas loss occurs the most on-farm for developing countries due to the lack of storage 
technologies on farm and adequate transportation systems (Godfray et al., 2010; Parfitt et 
al., 2010).   In the US, about six billion pounds of fruits and vegetables are not harvested 
or sold solely based on not being cosmetically attractive (Bellemare, Cakır, Peterson, 
Novak, & Rudi, 2017; Gunders, 2012).  
Another contributor to food waste is unnecessary inventory. This is due to the fear 
of not being able to meet demands, however this results in excess stock from the raw or 
finished product (De Steur, Wesana, Dora, Pearce, & Gellynck, 2016; Noorwali, 2013; 
Seth, Seth, & Goel, 2008).  Poor demand forecast leads to over production (Parfitt et al., 
2010). Over production of food not only has environmental impact, but leads to 
significant cost to the company given the material and energy waste to create the finished 
food product (Darlington & Rahimifard, 2006). In most cases, unwanted food are 
scrapped to commercial waste and sent to some form of waste management technology, 
which are associated with an enormous amount of social, economical and environmental 
implications. 
Waste streams of plastic and food waste  
 Most plastics are derived from non-renewable resources such as petroleum-based 
chemicals consisting of a wide range of synthetic and semi-synthetic polymers. Plastics 
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are attractive to consumer and producers due to its low-cost, malleability, durability and 
resistance to air and water. Flexible plastic packaging extends shelf life of food and 
allows food to get from the farm to the table (Tullo, 2016).  In 2013, the US only 
recovered 9.2% of plastics generated; currently plastics is the largest municipal waste 
material, second to food waste that is discarded after recycling and composting to 
landfills (EPA, 2015b).  Traditional plastics are non-degradable and present major 
obstacles for municipal solid waste facilities shifting towards a more sustainable way of 
disposing waste such as: recycling, compost and anaerobic digestion (Gómez & Michel 
Jr, 2013). 
Bioplastics are used for a variety of applications including food packaging and 
cutlery as an alternative to traditional plastics. Many establishments such as the 
Minnesota Twins at Target Field are switching to more plant-derived serviceware plastics 
such as polylactic acid (PLA) to achieve waste diversion from landfills (NatureWorks 
LLC, 2016).  PLA is a plastic derived from renewable resources such as corn or sugar 
cane and is a thermoplastic material with rigid and clarity similar to PET (Auras et al., 
2011).   PLA has become an alternative for green food packaging materials given it’s 
similar performance to petroleum based plastics (Auras et al., 2011). NatureWorks LCC., 
market leader, produces 100% bio-based and biodegradable PLA(under industrial 
composing conditions).  
Recently, handling food waste has become more complicated because it is often 
‘contaminated’ with bioplastics. Bioplastics are often used in food packaging and 
increasingly used to achieve zero-waste efforts and sustainability goals for organizations 
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such as universities and sporting events, to name just a few. Composting is a landfill 
diversion strategy that is often targeted for food and bioplastic wastes since they are 
commonly comingled during disposal; however degradation of food waste in compost 
still results in greenhouse gas emission while bioplastics – despite being touted as 
compostable – experience little to no degradation in industrial composting condition 
(Kolstad et al., 2012a).  
Waste management technologies  
Landfill is an end of life waste management technique for unwanted or unusable 
waste disposed of by burying and covering with soil.  Before the 1800s, garbage was 
disposed of outside of living areas with no formal management in the US. Trash, 
including food waste, attracted rodents which led to diseases and illnesses in densely 
populated areas (Louis, 2004). Tchobanoglous et al. (1993) research attributes the Black 
Death to littering of organic waste within the city streets, roadways and land.  It was not 
until 1959 when the American Society of Civil Engineers published a standard guide for 
sanitary landfills suggesting garbage be covered with soil each day to prevent rodents and 
odor (ASCE, 1959).  
There are many components within landfills that attempt to reduce environmental 
impact. Liners and fluid collection systems for sanitary landfills were created to reduce 
leachate and groundwater contamination (Daniel, 1993). As garbage decomposes in 
landfills, methane and carbon dioxide forms due to anaerobic condition (Barlaz, Ham, 
Schaefer, & Isaacson, 1990; Bookter & Ham, 1982; Pohland, 1982). Portions of methane 
generated from landfills can be recovered and used as an energy source (Themelis & 
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Ulloa, 2007), however only 20% of the landfills in the US are capable of recovering 
methane (EPA, 2016a). Organic waste streams often include plant-based plastics 
(bioplastics, such as PLA food packaging products) and food waste that together emit 
copious amounts of CO2 and CH4 when food waste decomposes in traditional landfills 
(EPA, 2015b; Gómez & Michel Jr, 2013; Kolstad et al., 2012a); Krause and Townsend 
(2016). Sending food waste to landfills is a majored source of anthropogenic methane 
which is 21% of municipal solid waste (EPA, 2014a). As landfills reach saturation points 
and can no longer accept additional waste, new landfills will have to be constructed or 
routed to other waste management technologies.  
 As landfill space decreases, there will be more pressure to find other options for 
managing food waste and bioplastics. Unlike landfills, compostable materials must be 
organic and biodegradable under thermophilic conditions in an aerobic environment in 
order to be composted. There are several components such as proper nutrient mix, 
moisture content, aeration, particular size, pH levels and temperature that facilitate 
composting (Risse & Faucette, 2017). Composting is the biological process of organic 
material decomposing to produce a final product that can be applied to land (Haug, 
1993). Therefore, composting is the highest form of recycling of organic matter given 
that microbial communities convert organics into nutrient-rich soil amendments (Epstein, 
1996).  
Composting food waste is an attractive waste management option given that it 
produces a product that revitalizes depleted soil. It is important to also realize the 
composition of food waste varies greatly depending on region, climate and availability 
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and affects GHG emissions (Boldrin, Andersen, Møller, Christensen, & Favoino, 2009). 
Bernstad et al. (2011) reports that composting emits NH3, N2O and CH4 during the 
aerobic degradation process and is responsible for the largest harmful environmental 
impact during the treatment chain. In addition composting food waste requires more 
energy to operate compared to garden waste (Boldrin et al., 2009). Composting PLA has 
its limitations as well. PLA is able to biodegrade under industrial composing conditions, 
but does not produce a compostable product since PLA does not fully biodegrade which 
leads to contamination (Koushal, 2014; Meeks et al., 2015; Siracusa et al., 2008).  
Therefore, many composting facilities are rejecting bioplastics and sending it to landfills.  
Many restaurants, grocery stores, venues (like collegiate athletics), and other food 
handlers are investing in small to medium scale onsite aerobic digesters that enable them 
to quickly digest their food waste and rather than pay tipping fees for waste haulers, then 
can discharge their food waste into the sewer system. There are a handful of 
commercially available aerobic digesters; one example is the EnviroPure Systems. 
Typically, these systems use an aerobic composting process to convert food wastes into 
nutrient rich grey water. The systems require water and chips inoculated with proprietary 
formula, and digest food waste in about 24 hours. Aerobic degradation conditions require 
abundant water supply and aeration in the circulation tanks which are essential for 
complete solubilization and mineralization of food waste (Gonzales et al., 2005).  
Aerobically digesting food waste and PLA and then sending to wastewater 
treatment plants (WWTP) seems to be a promising technique to quickly dispose of food 
waste with no transportation cost or tipping fees. Although sending food waste and PLA 
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‘down the drain’ seems like a sustainable option, there is some skepticism with respect to 
whether or not WWTP can handle the increased load of solids and nutrients. A small 
WWTP case study by Battistoni et al. (2007) in Italy reported that the extra-load of 
organic material could improve the performance of the activated sludge process and no 
significant solid sedimentation was present, if pieces of bones, shells, etc. are not 
introduced to the system. Marashlian et al. (Marashlian & El-Fadel, 2005), from Lebanon 
research shows that domestic water consumption for food grinding are not expected to 
increase, but concerns about increased sludge generation persist and its potential 
environmental and economic implications may differ with location. No one has 
investigated the degradability of bioplastic when comingled with food waste for aerobic 
digestion. It is unknown if combined bioplastics and food waste streams will overwhelm 
aging wastewater infrastructure if aerobic digesters are used to send bioplastic and food 
waste ‘down the drain’. Sustainably managing organic waste streams is becoming more 
and more complex. Aerobic digesters have great potential, however widespread use of 
these systems are minimum.  
AD for food waste is beginning to become more popular as the world searches for 
better options for managing a wider variety of organic material. AD is renewable energy 
technology that biodegrades and stabilizes organic compounds by microorganisms in 
anaerobic conditions leading to biogas production and biosolids that can be used as a 
fertilizer. Traditionally, AD facilities handle organic solids from municipal wastewater 
treatment plants and farms, and more than 180 AD facilities currently operate in the U.S. 
(EREF, 2015). There are many facilities such as Sheboygan Regional Wastewater 
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Treatment Facility, East Bay Municipal Utility District, and Central Marin Sanitation 
Agency, who began adding food waste to the AD input. Food waste can be an excellent 
complement for AD due to its high energy and moisture contents (Levis & Barlaz, 2011; 
Moriarty, 2013) due to a lipid-rich resource of long chain fatty acids (LCFAs) (Cirne et 
al., 2007). These LCFAs can be fermented to the volatile fatty acids (VFAs) that are 
converted into acetate and hydrogen gas, the substrates needed by methanogens. Recent 
studies have demonstrated the ability to digest bioplastic with municipal sludge at 
mesophilic conditions and yield methane than can be used for combined heat and power 
(CHP) (Guo, Trzcinski, Stuckey, & Murphy, 2011). Also, Itävaara et al. (2002) and Yagi 
et al. (2009) were able to reach 60% mineralization of PLA, in the powder form, within 
40 days at thermophilic conditions. These studies confirm that PLA can be anaerobically 
digested without fouling the system; however, it is unclear whether or not PLA can be 
fully biodegraded in AD systems.  
The US EPA has established a Food Recovery Hierarchy to prevent and divert 
food waste (U. EPA, 2017). The most preferred option for reducing food waste is source 
reduction followed by feed hungry people and animals industrial uses, composting and 
landfill/incineration (U. EPA, 2017). The fourth tier of the Food Recovery Hierarchy is 
industrial uses, which is in the middle of the hierarchy, that provide biofuel and bio-
products from food waste (U. EPA, 2017). This method provides a renewable energy 
source and prevent uncontrolled emissions(Gray, Suto, & Peck, 2008). Composting, the 
fifth tier, provides an alternative to landfill and create nutrient rich soil amendment 
(Coelho et al., 2011; Lashermes, Barriuso, & Houot, 2012; Tiquia, 2010). However 
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composting requires large amounts of land (Gray et al., 2008) and release methane that 
could be used as a source of energy (Ermolaev et al., 2015) similarly to landfills. Landfill 
and incineration of food waste is the least preferred option due to the methane 
production. Incineration of food waste results in large environmental impact (Kwon, Lim, 
Sung, Lee, & Lee, 2007), small particulate matter (Greenberg, Zimmerman, Heidt, & 
Pollock, 1984) and have several exposure pathways that negatively affect human health 
(Thompson & Anthony, 2005). A case study by Eriksson et al. (2015) showed that 
landfilling food waste generates the highest amount of methane when compared to 
donation, animal feed, AD and composting and confirmed that the ban of landfilling food 
waste in Sweden to be beneficial.  
Anaerobic digestion of food waste 
Despite the increase in commercially available food waste digesters and recent 
interest in the use of AD for handling food waste, multiple complexities arise when 
anaerobic digestion is used to digest food waste. Food waste is a valuable substrate to use 
for anaerobic digestion. However, when food waste is digested alone without a balance of 
food waste chemical oxygen demand (COD) to inoculum volatile solids (VS) inhibitions 
can occur, which decrease the amount of methane produced. Food waste alone fails to 
produce high yields of methane due to stress on the system as the loading rates are 
increased, low C:N ratio of the substrate, and an increase of free ammonia from the 
degradation of amino acids and proteins in anaerobic digesters (Browne & Murphy, 
2014). To increase methane yields from AD, techniques co-digestion with other biomass 
wastes are often employed. Biomass waste such as manure, whey, anaerobic digested 
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sludge and municipal waste water have shown to improve performance of anaerobic 
digestion of food waste by increasing biogas production, reducing retention time, 
balancing nutrients, and creating a high buffer capacity for methanogens to thrive (Zhang, 
Su, Baeyens, & Tan, 2014).   
There are several key parameters that affect anaerobic digestion of food waste 
including: temperature, volatile fatty acids (VFA), pH, TS/VS, alkalinity and total 
nitrogen (Zhang et al., 2014). Food waste is appealing for anaerobic digestion because it 
is a lipid rich resource that consists of LCFAs (Cirne et al., 2007). LCFAs and VFAs, 
produced from acidogenesis, can be converted into methane and carbon dioxide by 
methanogens. However, if more LCFAs and VFAs are produced than consumed the pH 
will drop and destroy methanogens that produce methane (Buyukkamaci & Filibeli, 
2004). Temperature is one of the most significant parameters that influences anaerobic 
digestion and affects the conversion, kinetics, stability, effluent quality, and methane 
yield (Sánchez, Borja, Weiland, Travieso, & Martı́n, 2001). Komemoto et al. study 
showed that high biogas production rate from food waste under mesophilic conditions 
(35-45°C) may indicate high microorganism activity. However, when the biogas content 
was measured mainly hydrogen and carbon dioxide was detected. Komemoto et al. 
suggest that the lack of methane was due to microorganism not being inoculated 
(Komemoto et al., 2009). Food waste alone fails to produce high yields of methane due to 
stress on the system as the loading rates are increased, low C:N ratio of the substrate, and 
an increase of free ammonia from the degradation of amino acids and proteins in 
anaerobic digesters (Browne & Murphy, 2014).  
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To increase methane yields from AD, techniques such as pretreatments and co-
digestion with other biomass wastes are often employed. Biomass waste such as manure, 
whey, anaerobic digested sludge (ADS) and municipal waste water have shown to 
improve performance of anaerobic digestion of food waste by increasing biogas 
production, reducing retention time, balancing nutrients, and creating a high buffer 
capacity for methanogens to thrive (Zhang et al., 2014).   Pre-treatment neutralizes 
inhibitions that occur when food waste is digested. Pretreatments bypass hydrolysis and 
gives by-products for acidogenesis in the anaerobic digestion process (Ma et al., 2011). 
Hydrolysis is a rate-limiting step during the anaerobic digestion process and dictates the 
success of the digester. Although literature is rich in pretreatments for food waste there 
are no peer-reviewed articles accessing pretreated bioplastic co-digested with ADS and 
food waste. By knowing the ratio of food waste COD to ADS VS that produces the 
highest specific methane yield, we can now create bench-scale experiments analyzing the 
outcomes of pretreated bioplastic and untreated bioplastic at ratio1.42. 
Previous studies have already successfully digested food waste with anaerobic 
digested sludge (ADS) inoculum: e.g., municipal wastewater (G. Liu et al., 2009), 
brewery effluent (Neves et al., 2004) grass silage and farm waste (Browne & Murphy, 
2013). Elbeshbishy, E., et al. (2012) already demonstrated the benefits of successful 
digestion of food waste with anaerobically digested inoculum from municipalities at 
substrate chemical oxygen demand (COD) to inoculum volatile solids (VS) ratios. Each 
feed has an optimum substrate to inoculum ratio considering the potential increase in 
volatile fatty acid (VFA), its capacity to buffer the feed and prevent drop in pH due to 
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hydrolysis (Buyukkamaci & Filibeli, 2004). However, no studies have evaluated food 
waste without pH adjustment and food waste COD to inoculum VS ratios, which is 
imperative to establishing a set maximum that can be digested without failing to meet 
standards.  
Anaerobic digestion of PLA and food waste  
Recent studies have demonstrated the ability to digest biopolymer with municipal 
sludge at mesophilic conditions and yield methane that can be used for combined heat 
and power (CHP) (Guo et al., 2011). Also, Itävaara et al. (2002) and Yagi et al. (2009) 
were able to reach 60% mineralization of PLA, in the powder form, within 40 days at 
thermophilic conditions. Although these studies confirm that PLA can be anaerobically 
digested, it is still unclear whether or not complete degradation of amorphous (i.e. thin 
films) and crystalline (i.e. cups) PLA products that are on the market, and it is not clear 
that products can be degraded under mesophilic conditions at a reasonable rate.  
PLA is a particulate solid and hence its availability for microbial hydrolysis is 
often rate limiting. Therefore, pretreatment of PLA is necessary to enhance degradation. 
There are very few studies that assess the pretreatment of PLA. Hottle et al. (2016b) 
performed compost experiments using alkaline amendment (a finely ground calcium 
silicate feedstock at 2% concentration) to enhance the degradation of clear PLA in an 
aerobic environment and reported that up to 18.75% of initial mass was reduced within 
22 days. Although there are no studies that assess the ability to anaerobically co-digest 
PLA and food waste, the potential exists once the alkalinity, and pH are under optimal 
conditions. Co-digestion of food and PLA waste creates the potential to redirect a 
24 
significant fraction of waste entering the municipal waste stream as well as potentially 
reduce or offset GHG emissions from landfills.  
Sustainability assessment of food waste and PLA  
 The search for sustainable waste for handling food waste and PLA demands new 
management strategies that minimize environmental impact. A method for assessing the 
environmental impact of a product or service is life cycle assessment (LCA). LCA is a 
method for assessing a product or service life cycle from raw material extraction to waste 
management as it relates to environmental impact (Baumann & Tillman, 2004). There 
have been many LCA studies assessing waste management options for food waste 
utilizing anaerobic digestion and other waste options (Bernstad & la Cour Jansen, 2012). 
There are also LCA studies assessing waste management options for PLA (Hottle, Bilec, 
& Landis, 2013). However, there are no sustainability assessments that investigate the 
environmental impacts of food waste and PLA together in terms of waste management, 
nor are there any studies that assess the environmental impact of treated PLA and food 
waste in anaerobic digesters.  
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CHAPTER TWO  
ENHANCING ANAEROBIC DIGESTION OF FOOD WASTE THROUGH 
BIOCHEMICAL METHANE POTENTIAL ASSAYS AT DIFFERENT 
SUBSTRATE: INOCULUM RATIOS 
 
 
This chapter was published in the peer-reviewed journal Waste Management and appears 
as published with the exception of text and figure formatting. The citation of the article 
is:  
Hobbs, S. R., Landis, A. E., Rittmann, B. E., Young, M. N. & Parameswaran, P. 
2017. Enhancing anaerobic digestion of food waste through biochemical methane 
potential assays at different substrate: inoculum ratios. Waste Management. (In 
Press). 
 
This chapter addresses research question 1.) What is the optimal mixing ratio of food 
waste to anaerobic digested sludge (ADS) that will increase bioavailability for methane 
production? This chapter quantifies how different ratios of food waste: ADS affect 
anaerobic digestion performance, especially methane production.  
 
Abstract	  
Food waste has a high energy potential that can be converted into useful energy in 
the form of methane via anaerobic digestion.  Biochemical Methane Potential assays 
(BMPs) were conducted to quantify the impacts on methane production of different ratios 
of food waste. ADS was used as the inoculum, and BMPs were performed at food 
waste:inoculum ratios of 0.42, 1.42, and 3.0 g chemical oxygen demand/ g volatile solids 
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(VS).  The 1.42 ratio had the highest CH4-COD recovery:  90% of the initial total 
chemical oxygen demand (TCOD) was from food waste, followed by ratios 0.42 and 3.0 
at 69% and 57%, respectively.  Addition of food waste above 0.42 caused a lag time for 
CH4 production that increased with higher ratios, which highlighted the negative impacts 
of overloading with food waste.  The Gompertz equation was able to represent the results 
well, and it gave lag times of 0, 3.6 and 30 days and maximum methane productions of 
370, 910, and 1950 mL for ratios 0.42, 1.42 and 3.0, respectively. While ratio 3.0 endured 
a long lag phase and low volatile suspended solids (VSS) destruction, ratio 1.42 achieved 
satisfactory results for all performance criteria.  These results provide practical guidance 
on food-waste-to-inoculum ratios that can lead to optimizing methanogenic yield. 
  
Keywords:  Anaerobic digestion, Food waste, Municipal sludge, Hydrolysis, Organic 
waste, Biochemical Methane Potential 
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Introduction	  
Food waste is the largest constituent to municipal solid waste, comprising 21% of 
waste in landfills by weight in the U.S. in 2012 (EPA, 2014a).  Landfilling food waste 
may result in significant greenhouse gas emissions from landfills, since food waste 
accounts for 13% of methane emissions in landfills (EPA, 2015b).  The emission of 
greenhouse gases from food waste has led some states, such as Massachusetts, to set 
limits on the amount of food waste that can go to landfills (RecylingWorks 
Massachusetts, 2014).  A corollary drawback of landfilling food waste is that its energy 
value is lost in proportion to the fugitive emissions that contribute to greenhouse gases.   
An alternative is to anaerobically digest the food wastes and collect the produced 
methane. Traditionally, anaerobic digestion (AD) facilities handle organic solids from 
municipal wastewater treatment plants and farms, and more than 180 anaerobic digester 
facilities currently operate in the U.S. (EREF, 2015).  Some of these facilities recently 
began adding food waste to the AD input.  Food waste can be an excellent candidate for 
AD due to its high energy and moisture contents (Cirne et al., 2007; Levis & Barlaz, 
2011; Moriarty, 2013).  The carbohydrate, protein, and lipid fractions of food waste can 
be fermented to long-chain fatty acids (LCFAs) and volatile fatty acids (VFAs) that are 
then converted into acetate and hydrogen gas, the substrates needed by methanogens.  
Digesting food waste alone can inhibit methanogenesis.  A high risk is that 
LCFAs and VFAs are produced faster than they can be consumed.  Unless the alkalinity 
is high, this acid accumulation will cause a drop in pH that inactivates methanogens, 
which function well only within a near-neutral pH range (Buyukkamaci & Filibeli, 2004).   
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The result is a “pickled” digester that accumulates VFAs and H2, but has minimal 
chemical oxygen demand (COD) stabilization to CH4.  
A promising strategy is to co-digest food waste with municipal sludge 
(Elbeshbishy et al., 2012; G. Liu et al., 2009; Neves et al., 2004).  The key to success is a 
good ratio of food waste to methanogenic biomass.  Elbeshbishy et al. (2012) 
investigated the impacts of the ratio of food waste to inoculum volatile solid (VS) in 
batch tests.  With the pH held constant at 7, CH4 production increased as the ratio of food 
waste to methanogenic inoculum increased.  However, artificially maintaining a constant 
pH may not be realistic, and no studies have evaluated co-digestion of food waste without 
externally controlled pH.  The ratio of food waste to inoculum will affect the potential to 
accumulate VFAs, and it also will affect the pH-buffering capacity (Vavilin, Fernandez, 
Palatsi, & Flotats, 2008).  Poor understanding of the many impacts could lead to digester 
upsets (Owen, Stuckey, Healy Jr, Young, & McCarty, 1979; Rittmann & McCarty, 
2001).  
The objective of this study was to assess methane production for a range of 
relevant ratios of food waste to methanogenic biomass.  We utilized batch BMP assays 
and tested three ratios of food-waste chemical oxygen demand (COD) to volatile solid 
(VS) of an inoculum of ADS.  To provide proof of concept and identify food-waste-to-
ADS-VS ratios that are promising for further analysis, we measured total chemical 
oxygen demand (TCOD), semi-soluble chemical oxygen demand (SSCOD), total solids 
(TS), VS, and pH at the start and end of BMP assays.  Other parameters important to AD 
and methane production were estimated via bicarbonate alkalinity calculations and the 
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Gompertz equation (Lay, Li, & Noike, 1996) for estimating  lag times and maximum 
methane production.  Our results provide guidance on ratios needed to sustain good 
performance by overcoming low-pH inhibition while maintaining good methanogenic 
yield. 
 
Materials and Methods	  
Food waste recipe and anaerobic digested sludge  
The food waste recipe was developed based on weekly food scrap collections at 
the University of Missouri campus dining operations, as outlined in Costello et al. (2015).  
The ingredients for the food waste recipe were purchased from a local Wal-Mart food 
center (Table A.1, Appendix A).  The food waste was prepared by mixing the whole food 
scraps first by hand, followed by grinding food scraps with 100 mL of water in a food 
processor (Black and Decker model FP1140BD, USA; 450-Watts) for 10 minutes on 
setting 2, which resulted in a paste.  The food waste paste was blended (model Black and 
Decker BL1120SG, USA; 550-Watts) with 200 mL of water for 10 minutes on setting 4 
to create a food waste slurry concentration of 110 g of food waste/L. The AD inoculum 
for the BMP test was obtained from Mesa Northwest Water Reclamation Plant in Mesa, 
Arizona, which employs an anoxic-oxic (A/O) process for wastewater treatment.  
Approximately 60% the primary clarifier solids are diverted to an anaerobic digester, 
which has a hydraulic retention time ranging of 15-30 days.  
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Biochemical Methane Potential Tests/Experimental Design  
BMP tests were performed to determine the amount of CH4 and H2 produced from 
three different COD-to-VS ratios that were based on previous studies with ADS 
(Angelidaki et al., 2009; Elbeshbishy et al., 2012; Lisboa & Lansing, 2013; Owen et al., 
1979):  0.42, 1.42, and 3.0 g COD food waste/g VS ADS.  Negative controls (i.e., ADS in 
basal media without electron donor) were prepared for each ratio, and the methane 
produced by the controls was subtracted from the total CH4 on a proportional basis to 
compute the methane formation from the food waste alone at the end of the BMP assays.  
The basal medium is described in the Appendix A.  The negative controls did not have 
any inhibition by low pH, but the food waste BMPs lowered pH and led to pH inhibition 
at different stages during the BMP test.  Thus, we could not do a control subtraction until 
pH inhibition had been relieved, which occurred by the end of BMP tests in all cases.  
Therefore, we eliminated the impacts of differential pH inhibition by performing one-
time subtraction of the gas production by the negative controls only at the end of the test 
(day 70).  Duplicate positive controls (i.e., ADS with 30 mM acetate as a readily 
biodegradable electron donor) were set up to ensure that the inoculum was active in 
methanogenesis and verify the COD conversion to CH4.  
For each ratio of COD food waste to VS ADS, 120 mL of food waste and ADS 
mixture was added to 200-mL serum bottles along with 60 mL of deionized water.  All 
ratio bottles were prepared in triplicate.   
Table 2.1: Volumes and mass of acetate used for the experiments with different 
ratios of g chemical oxygen demand (COD) Food Waste (FW)/ g Volatile Solid (VS) 
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Anaerobic Digested Sludge (ADS) shows the volumes of each component used for each 
experiment.  All bottles were sparged with ultra–high-purity N2 for 10 minutes to ensure 
anaerobic conditions. Each serum bottle was sealed with a butyl rubber septum and 
crimped aluminum cap and placed in an incubated shaker table operated at 180 rpm and a 
temperature of 37 ± 1°C.  Experiments continued until the daily gas production was < 1% 
of the cumulative gas production except for the 3 g COD food waste/g VS condition, 
which is discussed further in results (Koch, Plabst, Schmidt, Helmreich, & Drewes, 2015; 
"VDI 4630:," 2006).	   
Table 2.1: Volumes and mass of acetate used for the experiments with different 
ratios of g chemical oxygen demand (COD) Food Waste (FW)/ g Volatile Solid (VS) 
Anaerobic Digested Sludge (ADS)	  
 
Ratios FW (L) ADS (L) Water (L) Acetate (g)  
0.42 g COD FW/ g VS 
ADS 
0.014 0.106 0.06 0 
1.42 g COD FW/ g VS 
ADS 
0.037 0.083 0.06 0 
3.0 g COD FW/ g VS 
ADS 
0.06 0.06 0.06 0 
Negative Control 0.42 
g COD FW/ g VS ADS 
0 0.106 0.074 0 
Negative Control 1.42 
g COD FW/ g VS ADS 
0 0.083 0.097 0 
Negative Control 3.0 g 
COD FW/ g VS ADS 
0 0.06 0.12 0 
Positive  
Control  0 0.080 0.1 0.75 
 
Chemical analyses  
All analytical tests were performed in triplicate. COD and solids analyses were 
performed on the food waste, ADS, and initial and final mixtures for all BMP ratios. 
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TCOD and SSCOD, samples filtered through 1.2-µm glass microfiber filters (Whatman 
1822-047 GF/C)) were assayed using HACH HR COD kits (TNT 821, 20-1500 mg/L). 
TS and VS were determined according to Standard Methods (APHA, 2012).  
pH values were measured using a Cole Parmer pH meter (Vernon Hills, USA).  
Ammonia nitrogen (NH3-N) was assayed with HACH kits (TNT832), which had a 
detection range 2-47 mgNH3-N/L. Total alkalinity was assayed with HACH kits 
(TNT870), which had a detection range of 25-400 mgCaCO3/L. Colorimetric results from 
all HACH kits were measured using a HACH 2800 spectrophotometer.	  	  
Methane and hydrogen in the biogas	  
Over a 70-day period, biogas production, i.e., changes in headspace volume at one 
atmosphere, was measured with a gas-tight glass frictionless syringe (Perfektum, NY).  
CH4 and H2 contents were analyzed using a GC-2010 gas chromatograph (Shimadzu, 
Japan) equipped with a thermal conductivity detector (TCD) and Carboxen-1010 PLOT 
capillary column (30 m, Sigma-Aldrich).  The TCD was operated with an inlet 
temperature of 150°C, a detector temperature of 220°C, and a current of 41 mA, and 
argon as carrier gas.  Gas-composition analysis involved a temperature program that 
began at 80°C for 3 minutes and was followed by an increase in temperature of 50°C 
every minute until 155°C is reached, giving a total run time of 4.50 minutes.  Methane 
and hydrogen gas volumes were calculated by multiplying the measured gas composition 
by the total biogas volume.  Electron-equivalent energy recovery (as equivalent COD) 
was calculated for CH4 and H2 according to:  
 
Equation 2.1: CH4-COD Conversion   
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𝟏𝒎𝑳  𝑪𝑯𝟒  𝒈𝒂𝒔 = 𝑳𝟏𝟎𝟑  𝒎𝒍 ∙ 𝟏  𝒎𝒐𝒍  𝑪𝑯𝟒𝟐𝟐.𝟒  𝑳 ∙ 𝟐𝟕𝟑  𝑲    𝟑𝟏𝟑  𝑲   ∙ 𝟖𝒆!𝒆𝒒𝒎𝒐𝒍  𝑪𝑯𝟒 ∙ 𝟖  𝒈  𝑪𝑶𝑫𝒆!𝒆𝒒 ∙ 𝟏𝟎𝟑𝒎𝒈𝒈= 𝟐.𝟓𝟐𝒎𝒈  𝑪𝑶𝑫 
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Equation 2.2: H2-COD Conversion 𝟏𝒎𝑳  𝑯𝟐  𝒈𝒂𝒔 = 𝑳𝟏𝟎𝟑  𝒎𝒍 ∙ 𝟏  𝒎𝒐𝒍  𝑪𝑯𝟒𝟐𝟐.𝟒  𝑳 ∙ 𝟐𝟕𝟑  𝑲    𝟑𝟏𝟑  𝑲   ∙ 𝟐𝒆!𝒆𝒒𝒎𝒐𝒍  𝑯𝟐   ∙ 𝟖  𝒈  𝑪𝑶𝑫𝒆!𝒆𝒒 ∙ 𝟏𝟎𝟑𝒎𝒈𝒈= 𝟎.𝟔𝟐𝒎𝒈  𝑪𝑶𝑫 
 
Bicarbonate alkalinity estimation and total alkalinity measurement 
The concentration of bicarbonate alkalinity was computed from the final pH and 
the final CO2 content in the headspace for each BMP bottle.  
Equation 2.3 was used to estimate the bicarbonate alkalinity: 
 
Equation 2.3: Estimation of Bicarbonate Alkalinity 
𝑝𝐻 = 𝑝𝐾!,! + 𝑙𝑜𝑔 𝐴𝑙𝑘𝑎𝑙𝑖𝑛𝑖𝑡𝑦  (𝑏𝑖𝑐𝑎𝑟𝑏𝑜𝑛𝑎𝑡𝑒)50,000𝐶𝑂!(𝑔)𝐾!  
where pKa,1 = 6.33 for the bicarbonate system at 35°C and 1 atm, Alkalinity (bicarbonate) 
= bicarbonate alkalinity in the anaerobic reactor (mg/L as CaCO3), CO2(g) = gas phase 
carbon dioxide concentration in anaerobic digester headspace (atm), and KH = Henry’s 
law constant for carbon dioxide at 35°C and 1 atm, which is 38 atm.  
The CO2 concentration at the end of the batch BMP tests were obtained from the 
gas chromatography-thermal conductor detector (GC-TCD) data and substituted into the 
equation along with pH values. Since CO2 was being generated and out-gassed from 
solution, the computation may slightly under-estimate the actual bicarbonate 
concentration.  
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COD-CH4 Normalization and Calculating Volatile Solid Destruction 
 COD-CH4 normalization was used to show the conversion efficiencies of the 
volume of methane produced at a given day. The COD-CH4 normalization can be 
calculated each day using Equation 2.4: 
 Equation 2.4: COD-CH4  Normalization  𝐸 = 𝑉!"#!!"# ∙ 𝐶𝑂𝐷!"#!!"#𝐶𝑂𝐷!" ∙   𝑉!"  
where E = conversion efficiency of COD-CH4, Vmethane = volume of methane production, 
CODmethane = 2.52mg COD/mL CH4 at 35° C at 1atm, CODFW = measured chemical 
oxygen demand of food waste and VFW = volume of food waste in the BMP test.  
 Volatile solid destruction (VSD) was used to measure the amount of VS 
during the BMP test.  The VSD was calculated by using  
Equation 2.5: 
 
Equation 2.5: VSD Calculation  %𝑉𝑆𝐷 = 𝑉𝑆!"#$#%#&' + 𝑉𝑆!"#"$"%& −   𝑉𝑆!"#$%   − 𝑉𝑆!"#$%!&'𝑉𝑆!"#$#%#&' + 𝑉𝑆!"!#!$%       ∙ 100 
where VSD = volatile solid destruction at day 70 (%), VSFWinitial  = VS of food waste at 
day 1 (g/L), VSSinitial =VS of ADS at day 1 (g/L), VSfinal  = VS of ratio (0.42, 1.42, or 3.0) 
on day 70 of the BMP assay test (g/L) and VSnegfinal  = VS of negative control on day 
70(g/L).  
Gompertz-equation fit to the batch BMP data 	   The Gompertz equation (Lay et al., 1996) often is used to fit batch methanogenic 
data:  
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Equation 2.6: Gompertz Equation  𝐌𝐩 = 𝐞𝐱𝐩  [− 𝐞𝐱𝐩 𝐑𝐌𝐏𝐌 𝐱𝐨 − 𝐱 𝐞+ 𝟏 ]  
    
 
where Mp = observed cumulative methane production (mL), PM = ultimate methane 
production (mL), RM = observed methane production rate (mL/day), xo = lag phase time 
(days), & x= time of observation (days), and e = exponential (2.718).  All the parameters 
in the Gompertz equation were evaluated using the techniques of Parameswaran & 
Rittmann (2012), implemented in Microsoft Excel Solver, to determine the set of PM, RM, 
and x0 parameters giving the lowest sum of squares of error between the model and 
experimental values based on the observed experimental limitations that PM is less than 
2000 mL, RM is less than 100 mL/day, and x0 is less than 30 days.   
 
Results and Discussion 
Chemical characteristics of the feed and final results for the BMP ratios  
  Table 2.2 presents the characteristics of the food waste and the starting mixtures 
for each experimental ratio.  Although the initial pH of the food waste alone was lower 
than 5, the pH values for all combined mixtures exceeded 6.3, while the 0.42 and 3.0 
mixtures were in the ideal range for anaerobic digestion (Parkin & Owen, 1986), 6.8 – 
7.2.  SSCOD increased as the amount of food waste increased, suggesting that the 
organic material would be more readily available for conversion to CH4.  
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Table 2.2: Characteristics of food waste and the starting mixtures for the three 
ratios of food waste to inoculum 
 
Table 2.3 tabulates the characteristics of the mixtures at the end of the 70-day 
BMP tests.  Final SSCOD was lower for 0.42 and 1.42 ratios, 0.41 g/L and 0.49 g/L, 
respectively, compared to 1.29 g/L SSCOD for the 3.0 g COD/g VS ratio.  The high final 
SSCOD for the 3.0 ratio implies that stabilization was incomplete at 70 days, but the 3.0 
run was stopped along with ratios 0.42 and 1.42 to enable comparison within the same 
timeframe and, more importantly, within realistic operational timeframe for commercial 
AD systems (Rapport, Zhang, Jenkins, & Williams, 2008). Early and transient hydrogen 
production for ratio 3.0 indicates that inhibition based on VFA accumulation and low pH 
likely occurred during the first 10-15 days, after which the inhibition was overcome.  The 
lag led to postponed methane production and, consequently, complete stabilization 
(shown in Figure A.6).  Correspondingly, the VS:TS ratio at the end of the batch BMP 
assays was the highest for the 3.0 ratio, which is another sign of less complete 
stabilization compared to ratio 0.42 and 1.42.  This kind of inhibition has been seen 
previously when digesting food wastes:  LCFA and VFAs are produced faster than they 
can be consumed, and the acid accumulation causes a drop in pH that inactivates 
Initial Characteristics 0.42  g COD/g VS 
1.42  g COD/g 
VS 
3.0  g COD/g 
VS 
TCOD (g/L) 21.1 ± 3.75 23.4 ± 7.11 28.8 ± 3.9 
SSCOD (g/L) 2.87 ± 0.55 4.13 ± 0.25 6.34 ± 0.4 
SSCOD/TCOD (%) 13.6 17.6 22.0 
TS (g/L) 33.4 34.1 34.6 
VS (g/L) 23.2 24.8 25.0 
VS:TS 0.69 0.73 0.72 
pH 7.32 6.8 6.3 
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methanogens, resulting in minimal COD stabilization to CH4 (Buyukkamaci & Filibeli, 
2004).  
 
Table 2.3: Characteristics of the mixtures at the end of the 70-day BMP assays 
   
Methane generation during BMP tests  
Figure 2.1a illustrates cumulative CH4 production for the three ratios of food 
waste and ADS. The BMP results for the 0.42 ratio had a minimal lag time, with rapid 
and highest rate of methane production within the first 10 days, after which gas 
production slowed significantly.  Ratio 3.0 had a significantly longer lag time that ratios 
0.42 and 1.42 (p-value < 0.02 and p < 0.01 respectively; detailed in the Table A.3 and 
Table A.4, Appendix A.)   
The lack of a lag from ratio 0.42 likely was due to the high amount of AD 
inoculum, which provided relatively large concentrations of hydrolytic enzymes, 
fermenting bacteria, and acetoclastic methanogens.  The activity of acetoclastic 
methanogens in the inoculum was confirmed by the immediate gas production in the 
positive control (Figure A.2, Appendix A).  
Final Characteristics  0.42  g COD/g VS  
1.42  g COD/g 
VS 
3.0  g COD/g 
VS 
TCOD (g/L)	   9.37 ± 0.13 9.41 ± 2.19 10.49 ± 2.10 
SSCOD (g/L)	   0.41 ± 0.14 0.49 ± 0.15 1.29 ± 0.37 
TS (g/L)	   9.88 ± 1.61 8.76 ± 0.59 7.54 ± 1.62 
VS (g/L)	   7.84 ± 1.18 7.12 ± 0.44 6.71 ± 1.32 
VS:TS	   0.79  0.81 0.89  
pH	   7.09  7.02 ± 0.01 7.36 ± 0.14 
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After a lag of about 8 days, the BMP for ratio 1.42 began producing CH4 gas, and 
the production rate was greater than achieved in the first few days for ratio 0.42.  This 
rapid increase in CH4 production suggests that hydrolysis and fermentation had been 
occurring over the first 10 days; thus, an increase in the activity of methanogen by day 10 
allowed rapid conversion of the accumulated VFAs to CH4.    
Although ratio 3.0 eventually yielded the most methane from food waste only, 
Figure 2.1b, it also had the most transient hydrogen production and longest lag time, as 
discussed previously (Figure A.6, Appendix A).  Although ratios 0.42 and 1.42 were 
close to reaching saturation for methane generation, ratio 3.0 clearly had not reached 
saturation by the end of the experiment.   
 
Figure 2.1: Cumulative Methane Production of Food Waste and ADS 
(a) methane production of food waste and ads. (b) methane production of food waste at 
day 70 adjusted to subtract gas produced from negative controls. (panel (a) does not have 
subtraction of the negative controls, because ph inhibition was not relieved throughout 
the assays and thus cannot be compared directly.) Error bars in graph represent standard 
deviation. 
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Figure 2.2 shows that the food waste COD-to-ADS-VS ratio affected the fraction 
of food waste COD removed as CH4 after the cumulative one-time subtraction of negative 
controls at the end (day 70).  The 0.42 ratio demonstrates low CH4 production in Figure 
2.1 and consequently results in low COD as CH4 at 69% in Figure 2.2.  Ratio 1.42 had the 
highest CH4-COD conversion efficiency, 90% for food waste alone.  Ratio 3.0 gave the 
lowest adjusted methane yield (57%), and this was caused by the long lag time and 
clearly incomplete conversion at the end of the test (Figure 2.1a).  
 
 
Figure 2.2: CH4-COD normalized to food waste (FW) COD at day 70.  
Error bars show the relative standard deviation. 
 
All three ratios showed similar values for volatile solids reduction (VSD), shown 
in Figure 2.3, indicating that the hydrolysis of the particulate fraction was not limiting 
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yields were likely linked with VFA production and pH inhibition of VFA conversion to 
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methane.   The VSD for ratios 0.42 and 3.0 were slightly greater that the conversion of 
food waste COD to methane (Fig. 2), which is consistent with accumulation of hydrolysis 
and fermentation products, including VFAs.  The highest volatile solid destruction 
(VSD), 76% for ratio 1.42, corresponds to the highest cumulative methane production 
Figure 2.1a.  
 
Figure 2.3: Percent volatile solid destruction for each volumetric ratio. 
 
Gompertz Equation Analysis 
Previous studies have shown that the Gompertz equation represents experimental 
data when the BMP data follow a typical pattern with initial lag, exponential, and 
saturation phases (Parameswaran & Rittmann, 2012). The Gompertz equation described 
in the methods section fit the corresponding volumetric ratios 0.42 and 1.42 experiments 
very well, as shown in Figure 2.4, which uses the parameters in Table 2.4.  The model fit 
72%	   76%	   73%	  
0%	  
50%	  
100%	  
0.42	   1.42	   3.0	  Vo
la
ti
le
	  S
ol
id
	  D
es
tr
uc
ti
on
	  (%
)	  
Ratios	  of	  g	  COD/	  g	  VS	  	  
42 
for ratio 3.0 is not as accurate, due to the ultimate methane production value being 
estimated from projected saturation rather than an observed value.  For ratio 3.0, the 
model fit the data well through day 46.   After the time, the experimental rate of methane 
production began to slow, while the modeled production rate continued to increase.  
Bakhov et al. (2014) also employed the Gompertz equation and were unable to provide a 
good representation when the food waste loading was high.   
 
 
Figure 2.4: Cumulative CH4 production as a function of time, where symbols 
represent the experimental data and lines represents the Gompertz equation model 
fit. 
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Table 2.4: Estimated parameters from the fit of Gompertz equation to the BMP 
assays of corresponding ratios. 
 
Substrate 
Ratio 
Pm 
(mL CH4) 
Ratio 
Pm:initial 
FW (mL 
CH4/g 
CODFW) 
 
Ratio 
Pm:initial 
ADS (mL 
CH4/ g 
CODADS ) 
Rm 
(mL 
CH4/day) 
Ratio of 
Rm:initial 
ADS (mL 
CH4/g 
CODADS-
d) 
xo 
(days) 
Total 
Sum of 
Squares 
Errors 
between 
model 
and 
actual 
0.42 367 874 25 40.2 2.71 0 0.11 
1.42 908 639 94 25.4 2.63 3.6 0.38 
3.0 1947 649 299 17.2 2.64 30 1.15 
 
Three important trends exist for all ratios.   First, the ratio of Rm to ADS 
inoculum had a narrow range, between 2.63-2.71 mL CH4/g CODADS-d, for all ratios, 
reinforcing that the CH4 production rate was dictated by ADS inoculum dose, which 
contained the bacteria responsible for hydrolysis.  Second, the ratio of Pm to initial food 
waste COD loading was relatively narrow, ranging from 874 mL CH4/g CODFW for the 
0.42 ratio to 649 mL CH4/g CODFW for the 3.0 ratio.  In contrast, the ratio of Pm to initial 
ADS COD loading increased steadily from 25 to 299 mL CH4/g CODAD with increasing 
FW:ADS ratio.  These differing trends indicate that the maximum amount of CH4 
produced in the system was controlled by the added COD from the food waste.   Third, 
the increasing xo with increasing food waste:AD clearly illuminates the delayed onset of 
methanogenesis due to pH inhibition from the high accumulation of VFAs from the 
fermentation step. 
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Alkalinity estimation at the end of batch BMPs 
Final bicarbonate-alkalinity values, summarized in Table 2.5, indicate that ratio 
3.0 had a lower value than ratio 1.42, possibly indicating a greater alkalinity consumption 
associated with the higher food waste fraction, possibly leading to a pH induced 
inhibition.  The final NH3-N concentrations can be expressed in alkalinity equivalents by 
multiplying the NH3-N concentration by a factor of 50 mg as CaCO3/14 mg N.  The 
values of alkalinity added by NH3 release clearly point out that a major fraction of the 
bicarbonate alkalinity originated from NH3-N. The exponential phase of methanogenesis 
often coincides with increases in bicarbonate alkalinity and pH, both of which occurred in 
the 3.0 ratio at the end of 70 days. In fact, there was an abundance of NH3-based 
alkalinity for the ratio 1.42, which also correlates with the superior methane production 
performance at this ratio.  On the other hand, the lower final NH3-N for ratio 3.0 may 
mean that the Food Waste underwent less hydrolysis, at least to the point of releasing 
lower NH3-N compared to the other two ratios. 
Table 2.5: Estimated Characteristics of the mixtures at the end of the 70-day BMP 
assays. 
Estimated bicarbonate 
Alkalinity (g/L as CaCO3)	   3.6 2.9 4.5 
Ammonia	  nitrogen	  (g/L)NH3-
N/L)	   0.81  ±0.02 0.90 ±0.03 
0.76 ± 
0.08 
Alkalinity	  originating	  from	  
Ammonia-­‐N	  in	  food	  waste	  
(g/L as CaCO3)	  
1.4 2.6 2.1 
%	  of	  Estimated	  bicarbonate	  
alkalinity	  that	  came	  from	  
food	  waste	  NH3	  
39% 90% 47% 
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Conclusion 
The effects of the food-waste-to-inoculum ratio provide insights into the 
performance of co-digestion with food waste.  A high ratio of food waste COD to ADS 
VS (3.0 g FW COD/g AD VS) eventually gave greater volumetric methane production, 
but VFA-induced pH inhibition caused a large lag period (about 10 days).   An 
intermediate ratio (1.42 g FW COD/g AD VS) gave the best balance of high 
methanogenic yield with a short lag time.  A key factor was the balance of food waste 
COD that could be fermented to VFAs versus alkalinity in the AD and generated by NH3 
release from food waste.   Due to the relatively labile nature of food waste COD, the 
generation of VFAs could suppress the pH and inhibition methanogenesis.  Thus, this 
work underscores the importance of measuring COD, alkalinity, VFAs, and N in food 
waste and in the mixture of food waste with AD.   
This study identified mechanisms that must be considered for co-digestion of food 
waste.  For example, an appropriate ratio of food waste to inoculum provides sufficient 
buffer that avoids low-pH inhibition while maximizing CH4 production.  For this study, 
the best ratio was 1.42 g food waste COD/g ADS VS.  While this ratio would not 
necessarily hold for all combinations of food waste and AD inoculum, the trends 
identified here illustrate how to identify an appropriate ratio.  By providing techniques 
and criteria for optimizing energy conversion for co-digestion of food waste, this study 
provides a foundation for current practice and further research on how to optimize co-
digestion of food waste with municipal sludge. 
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ANAEROBIC DIGESTION OF BIOPOLYMER AND FOOD WASTE: EFFECT 
OF PRETREATMENT ON METHANE YIELD AND SOLID REDUCTION 
 
Shakira R. Hobbs a, Prathap Parameswarn b, Barbara Astmann a, Jay P. Devkota a, and 
Amy E. Landisa 
 
a Institute of Sustainability, Glenn Department of Civil Engineering, Clemson University, 
112 Lowry Hall Clemson, SC, 29634, USA 
b Department of Civil Engineering, Kansas State University, 2123 Fiedler Hall, 
Manhattan, KS 66506, USA 
 
 
This chapter addresses research questions 2.) Can PLA’s percent of degradation be 
accelerated using alkaline pretreatment? and 3.) How much methane can pretreated PLA 
and food waste yield when anaerobically digested? This chapter assesses chemical 
pretreatments for accelerating the degradation of PLA and seeks to under the implications 
of digesting treated PLA with food waste.  
 
Abstract 
Food waste and biopolymers when sent to landfills without energy recovery are 
unexploited sources of energy. In addition, Polylactic Acid (PLA) and food waste have 
complimentary characteristics for anaerobic digestion; both are organic and degrade 
under anaerobic conditions. Since PLA degradation is much slower compared to food 
wastes, chemical pretreatment of PLA was employed to enhance its bioavailability. Lab-
scale reactors were set-up to quantify the solubilization of pretreated amorphous and 
crystalline PLA. Amorphous and crystalline PLA reached near complete solubilization at 
97% and 99% respectively, when alkaline pretreatment was applied. Biochemical 
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Methane Potential (BMP) Assays were performed to quantify methane production from 
both treated and untreated PLA in the presence of food waste and anaerobic digested 
sludge. The treated experiments produced the most methane throughout the run time of 
70 days. The untreated PLA resulted in 54% weight reduction after anaerobic digestion. 
Results from this study show that treating PLA with alkaline pretreatment has the greatest 
solid reduction of PLA and maximum production of methane when combined with food 
waste and anaerobic digested sludge. Implementation of this research allows food and 
PLA waste generators and handlers to evaluate a wider range of organic waste treatment 
options, generate energy from waste, and reach zero-waste goals.  
 
Keywords: biopolymer, food waste, anaerobic digestion, sustainability, BMP assay, 
organic waste 
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Introduction 
Organic waste streams often include plant-based plastics (i.e. biopolymers) such 
as Polylactic Acid (PLA) and food waste that collectively produce significant amounts of 
greenhouse gases (GHG) when they degrade at their end of life.  The GHGs that are 
emitted from food waste has led to many states in the U.S and European countries to limit 
the amount of food waste that can go to landfills (RecylingWorks Massachusetts, 2014; 
Vision 2020, 2016). Over 100 organizations, a part of the SARIA Group (2013), 
acknowledge food waste as a problem that needs sustainable solutions and should be 
viewed as valuable resources.  
In 2013, the USDA and EPA challenged the U.S. to reduce food waste by 50% by 
year 2030 (USDA, 2015). The goal of the challenge is to raise awareness by reducing, 
recovering and recycling food waste. Using food waste as a renewable energy source, via 
anaerobic digestion (AD), reduces environmental impacts compared to other waste 
management technologies (Levis & Barlaz, 2011). Food waste has a high energy 
potential, which makes it a perfect candidate for waste to energy technologies such as 
AD. 
Previous studies have already successfully co-digested food waste with anaerobic 
digested sludge (ADS) inoculum: e.g., municipal wastewater (G. Liu et al., 2009), 
brewery effluent (Neves et al., 2004), grass silage and farm waste (Browne & Murphy, 
2013). Elbeshbishy et al. (2012) demonstrated the benefits of successful digestion of food 
waste with anaerobically digested inoculum from municipalities. The pHs of the substrate 
to inoculum ratios were adjusted to 7.0 and results from Elbeshbishy et al. showed 
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methane potential increased as the substrate to inoculum ratios increased. However, no 
studies have evaluated methane production from food waste without pH adjustment.  
Biopolymers are made from biobased feedstocks, many of which are 
biodegradable (Auras et al., 2011). PLA, possibly the most prolific biopolymer to date, 
has reached production of approximately 140,000 metric tonnes per year (NatureWorks, 
2012). Most PLA on the market is used in medical applications, 3-D printing, or as 
single-use disposable food packaging and related products, such as utensils (Giordano et 
al., 1997; Siracusa et al., 2008; Xiao, Wang, Yang, & Gauthier, 2012). PLA in food 
applications has the distinct advantage that it can be composted alongside food waste, 
however compost facility managers and recent studies report that the PLA biopolymer 
does not fully degrade in industrial composting facilities (Koushal, 2014; Meeks et al., 
2015; Siracusa et al., 2008). Currently, many types of biopolymers end up in landfills and 
add to the generation of methane emissions upon degradation in landfills, with warming 
potential 21 times that of CO2 (Gómez & Michel Jr, 2013). Conventional plastics made 
from petroleum are persistent and have carcinogenic potential when incinerated or 
combusted(Schmidt, 2006).  
 Recent studies have demonstrated the ability to digest biopolymer with municipal 
sludge at mesophilic conditions and yield methane that can be used for combined heat 
and power (CHP) (Guo et al., 2011). Also, Itävaara et al. (2002) and Yagi et al. (2009) 
were able to reach 60% mineralization of PLA, in the powder form, within 40 days at 
thermophilic conditions. Although these studies confirm that PLA can be anaerobically 
digested, it is still unclear whether or not complete degradation of amorphous (i.e. thin 
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films) and crystalline (i.e. cups) PLA products that are on the market, and it is not clear 
that products can be degraded under mesophilic conditions at a reasonable rate.  
PLA is a particulate solid and hence its availability for microbial hydrolysis is 
often rate limiting. Therefore, pretreatment of PLA is necessary to enhance degradation. 
There are very few studies that assess the pretreatment of PLA. Hottle et al. (2016b) 
performed compost experiments using alkaline amendment (a finely ground calcium 
silicate feedstock at 2% concentration) to enhance the degradation of clear PLA in an 
aerobic environment and reported that up to 18.75% of initial mass was reduced within 
22 days. Although there are no studies that assess the ability to anaerobically co-digest 
PLA and food waste, the potential exists once the alkalinity, and pH are under optimal 
conditions. Co-digestion of food and PLA waste creates the potential to redirect a 
significant fraction of waste entering the municipal waste stream as well as potentially 
reduce or offset GHG emissions from landfills.  
 This study seeks to assess alkaline pretreatment for accelerating the solubilization 
of PLA and to quantify the methane production from co-digesting both treated and 
untreated PLA with food waste. Alkaline pretreatments of amorphous and crystalline 
PLA were performed with sodium hydroxide (NaOH) to analyze the solubilization of 
PLA. Methane production was assessed for food waste, PLA (untreated and treated) and 
ADS to determine optimum conditions for enhanced methanogenic yield.  Understanding 
co-digesting of food waste, PLA and anaerobic digested sludge along with the PLA 
pretreatment will assist in creating new pathways for capturing the energy from food and 
PLA waste as methane. 
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Methods 
Food waste preparation 
Food waste was collected from Clemson University’s catering service. The food 
waste was a mix of unknown portions of the following foods: string beans, lima beans, 
edamame, parsley leaves, potatoes, chickpeas, chicken and pork. To form a 
heterogeneous mixture for this study, the food waste was prepared by mixing the whole 
food waste by hand, followed by chopping and grinding food waste with 500 mL of water 
in food processor (Black and Decker model FP1140BD, USA; 450-Watts) for 10 minutes 
on setting 2, which resulted in a paste. The food waste paste was blended (model Black 
and Decker BL1120SG, USA; 550-Watts) with 700 mL of water for 10 minutes on 
setting 4 to create a food waste slurry concentration of 107 g of food waste/L.  
PLA solubilization tests 
Thin film amorphous PLA bags and crystalline PLA cups manufactured by 
NatureWorks LLC and produced by EarthFirst and Repurpose Compostables, 
respectively, were used in this study. Both PLA products report that they are 100% plant 
based and consist of the proprietary resin, Ingeo™, derived from PLA. The thin film bags 
and cups were cut into 2x2cm and weighed. Solubilization assessment of thin film and 
crystalline PLA were performed in 250 mL serum bottles; the parameters of which are 
given in  
 
Table 3.1. Two bottles, one each for amorphous PLA and crystalline PLA, were 
prepared with deionized water. A 10M NaOH solution was added to each bottle until an 
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alkaline pH was achieved. The control amorphous and crystalline PLA consisted of 
deionized water. The samples were incubated at 21± 1°C on a stationary bench. After 15 
days, the pH of the alkaline solutions was adjusted to the range of 6.8 to 7.2 pH, which 
are ideal conditions for anaerobic digestion (Rittmann & McCarty, 2001).  
 
Table 3.1: Experimental composition of each solubilization test. 
PLA DI H20 (mL) Initial pH Final pH  10M NaOH (mL) 
Alkaline 
Amorphous  
100 13.9 13.5 10 
Control 
Amorphous  
100 7.1 8.9 0 
Alkaline 
Crystalline  
100 13.6 13.06 16 
Control 
Crystalline  
100 6.65 6.41 0 
 
BMP assays of food waste and PLA (treated and untreated) 
Lab scale BMP tests were used to determine the biodegrability and methane 
production of co-substrate (i.e. food waste, crystalline PLA and ADS) (Angelidaki et al., 
2009). ADS was collected from a local wastewater management plant and used as an 
inoculum. Negative controls (i.e., ADS in basal media without electron donor and food 
waste) was prepared, and the methane produced by the control was subtracted from the 
total CH4 on a proportional bases to compute the methane formation from the food was 
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alone.  Duplicate positive controls (i.e. ADS with 30mM acetate as a readily 
biodegradable electron donor) were set up to ensure that the inoculum was active in 
methanogenesis.  
Treated and untreated BMP tests were performed in triplicates; the experimental 
parameters are given in Table 3.2, while the BMP assay set up is shown in Figure 3.1. 
Treated BMP tests were created by cutting crystalline PLA into 2x2cm and adding 
100mL of deionized water and 16 mL of NaOH. The treated PLA was incubated at 12.96 
pH. Treated PLA was neutralized to 7.17 with 2.0M hydrochloric acid (HCl). Untreated 
crystalline PLA was cut into 2x2 cm and weighed. Each 200mL serum bottle consisted of 
161.4 mL of ADS, food waste and H2O. 18.6mL of solubilized PLA was added to treated 
serum bottles and 1.1 g of PLA was added to the untreated serum bottle.  
 
Figure 3.1: BMP Assay set-up consisting of food waste, PLA (treated or untreated) 
and anaerobic digested sludge (ADS). 
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Table 3.2: Volumes, mass of polylactic acid (PLA) and mass of acetate used for 
experiments with food waste (FW), anaerobic digested sludge (ADS). 
 
BMP Test FW ADS Water PLA Acetate 
Treated  0.0186 (L) 0.08 (L) 0.06 (L) 18.6(L) 0 (g) 
Untreated 0.0186 (L) 0.08 (L) 0.06 (L) 1.14 (g) 0 (g) 
Negative Control 0.0186 (L) 0.08 (L) 0.06 (L) 0 (L) 0 (g) 
Positive Control 0 (L) 0.08 (L) 0.1 (L) 0 (L) 0.75 (g) 
 
 The samples were stored in an incubated shaker table at 180 rpm and temperature 
of 37± 1°C and ran for 70-days. Biogas production was measured daily with a frictionless 
glass syringe (Perfektum, NY) and contents were analyzed using an Agilent 7890B gas 
chromatograph (Shanghai, China).  
 
Results and Discussion 
PLA Results 
In the 15-day incubation period, both amorphous and crystalline PLA that 
received alkaline pretreatments reached near complete solubilization, seen in Figure 3.2. 
Alkaline treatment significantly enhanced the solubilization rates of both types of PLA, 
as shown by the increase in SSCOD. After alkaline treatment, there was a 97% reduction 
in weight for amorphous PLA and a 99% reduction for crystalline PLA, showing that 
near complete solubilization was achieved (Figure 2). Pretreated crystalline PLA had a 
VS:TS of 0.81, while the amorphous PLA was 0.58. These results show that crystalline 
PLA has a higher organic content than amorphous PLA, indicative of varying methane 
 55 
generation potential from these two substrates when subjected to anaerobic digestion. In 
both cases, alkaline treated PLA had higher levels of semi- soluble chemical oxygen 
demand (SSCOD) than non-treated PLA. Pretreated crystalline PLA had a significantly 
higher SSCOD of 52.6±5.2 g/L than the pretreated amorphous PLA SSCOD of 10±2.20 
g/L. This indicates that in the solubilization process, crystalline PLA has a higher 
measure of electron donors than amorphous PLA. Therefore, pretreated crystalline PLA 
is likely to result in a higher methane yield than pretreated amorphous PLA, just based on 
the release of SSCOD.  
 
Figure 3.2: Weight of alkaline pretreated and untreated PLA at day 1 and day 15 
(left) compared to SSCOD at day 15 (right).   
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BMP results for chemical characteristics of food waste and PLA  
Table 3.3 demonstrates the starting characteristics of the treated and untreated 
experiments. The treated BMP test is within the ideal pH range of 6.8-7.2 (Rittmann & 
McCarty, 2001). However, the untreated BMP test was not within the range that has been 
reported as ideal for anaerobic digestion; the untreated test was performed without pH 
adjustments to show realistic expected outcomes at wastewater treatment plants.  SSCOD 
was higher for treated compared to untreated suggesting that treated test has more organic 
material readily available for conversion to CH4.  
Table 3.3: Characteristics of starting and ending mixtures of PLA (treated or 
untreated), food waste and ADS 
 
 Initial  Final 
Characteristics Treated Untreated Treated Untreated 
TCOD (g/L) 38.2 ± 2.2 27.8±0.7 10.6 ± 0.5 10.2±0.7 
SSCOD (g/) 12.3 ±2.8 3.4 ±0.8 0.1± 0.0 0.7 ±0.5 
TS (g/L) 5.7 ±0.7 7.7±0.9 0.1 ±0.0 0.7±0.5 
VS (g/L) 3.3 ± 0.5 2.5±0.2 0.0 ± 0.0 0.0±0.0 
VS:TS 0.6 ± 0.2 0.3±0.0 0.0 ± 0.0 0.0±0.0 
pH 7.1 7.4 8.9 8.7 
 
The ending pH values suggest that the digester was in good condition since 
organisms produce alkalinity as they consume protein-rich organic matter (Labatut & 
Gooch, 2014) . Final SSCOD was lower for treated versus untreated at 0.1 g/L and 0.7 
g/L, respectively. Treated PLA further solubilized during anaerobic digestion. There was 
tremendous reduction in TS (99%) and VS (99%). The VS:TS and SSCOD of untreated 
and treated test show that stabilization was completed by day 70. 
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There were some limitations in measuring total solids (TS) and volatile solids 
(VS) of the untreated PLA. Due to the size of the PLA, the TS and VS measurement 
could not be performed accurately and yield a fair comparison between treated and 
untreated PLA after run of experiments (Table 3.3). Therefore, the initial and final weight 
of the PLA was compared to assess the change in weight.  Untreated crystalline PLA 
experienced 53% reduction of initial weight (Figure 3.3). Untreated PLA color and 
structure changed to opaque and unstable due to the anaerobic digestion and temperature 
of the BMP test, as observed by others (Siracusa et al., 2008).  
 
Figure 3.3: Comparison of untreated crystalline PLA before and after BMP tests.   
 
The nutrient-rich digested solid from the treated BMP test could be potentially 
used for land application in the US if it meets the Environmental Protection Agency 
regulations for safe application (EPA, 1994b). It is imperative that the effects of adding 
solubilized alkaline treated PLA be evaluated for land application. Since PLA is 
solubilized, there will be no PLA “chunks left in the digested solid. Another factor 
important for land-applied digestate is nutrient availability, which will be important to 
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investigate in future work. In the event that land application of digested solid is not an 
option, solubilizing PLA decreases volume and could reduce volume in landfills.  
Cumulative methane generation during BMP test  
Figure 3.4 shows cumulative CH4 production for treated and untreated BMP test. 
The BMP result for untreated had minimal lag time of 2 days, with rapid and highest 
methane production until day 40, after which gas production plateaus. Between day 60 
and day 70, there was a less than 1% change in methane production indicating the 
limitations of reducing PLA solids completely via anaerobic digestion (Figure 4). The 
remaining treated solubilized PLA could be used for land application or landfilled given 
that 53% of municipal solid waste is discarded without energy recovery (EPA, 2014a). 
The untreated PLA from anaerobic digestion will not continue to emit biogas when 
landfilled and will not lead to significant generation of methane, due to the lack of 
organisms that live in anaerobic conditions that are capable of directly degrading the high 
molecular weight of PLA (Kolstad, Vink, Wilde, & Debeer, 2012b).  
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Figure 3.4: Methane production of food waste and PLA (treated or untreated).  
Error bars in graph represent standard deviation. (Methane production of PLA at day 70 
adjusted to subtract gas produced from negative controls.) 
 
The treated PLA BMP test showed no lag phase and produced 1021 mL of 
cumulative methane at day 70. The little to no lag time was likely due to the inoculum; 
this was confirmed by the immediate gas production in the positive control (not shown).  
The treated PLA BMP test demonstrates three very distinct phases in Figure 3.4. 
When multiple substrates are present, degradation will not occur at the same rate for each 
substrate (Stronach, Rudd, & Lester, 2012), hence showing variation in methane 
production. Treated BMP experienced a biphasic methane production process at days 0-
17, 19-47 and 52-70. Untreated BMP also experienced biphasic methane production 
process at days 0-4, 6-10 and 17-70 and produced 756 mL of methane at day 70.  There 
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was an 8% increase of methane production between day 60 and day 70 for treated BMP 
tests. The treated PLA BMP test produced the highest methane production throughout the 
duration of the test (Figure 3.4).  
 
Conclusions and Future Recommendations 
This main objective of this study was to determine whether pretreating PLA could 
increase methane production, enhance food waste anaerobic digestion, and enhance PLA 
destruction in batch BMP assays. The results of this study show that alkaline treatment 
solubilizes PLA. After a 15 day incubation period under alkaline pretreatment, near 
complete solubilization was achieved for both amorphous (97%) and crystalline (99%) 
PLA. This study also showed that crystalline PLA has more organic nutrients. Pretreated 
crystalline PLA had a high organic content and SSCOD, making it a likely candidate that 
could produce increased methanogenic yield during anaerobic digestion. In addition, 
untreated PLA experiences weight reduction of 54% after the BMP test. The structure of 
the PLA was unstable indicating that degradation had occurred and that anaerobic 
digestion assists in solid destruction and methane production. In addition, untreated 
crystalline PLA produced less than 1% of the total gas production on day 70 indicating 
that gas production is coming to an end and that anaerobic digestion is not capable of 
completely reducing PLA solids without pretreatment.  
This study showed that alkaline treated crystalline PLA produced the most 
methane, compared to untreated PLA. After day 48, treated BMP test began to produce 
more methane than untreated BMP test. Treated PLA and untreated produced 1021 and 
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756 mL of methane, respectively, within 70 days and graphically displayed a biphasic 
curve, highlighting the complexity of multiple substrates in the test. Overall, alkaline 
pretreatment of PLA may enable it to be co-digested with food waste in anaerobic 
digestion systems. In addition, alkaline pretreatment of PLA may enhance the ability of 
these AD systems to produce methane.  
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CHAPTER FOUR  
SUSTAINABILITY APPROACH: FOOD WASTE TO ENERGY SOLUTIONS 
FOR SMALL RURAL DEVELOPING COMMUNITIES 
 
Shakira R. Hobbs, Evvan V. Morton, Nicole Barclay and Amy E. Landis 
 
 
This chapter address research question 4.) What are the environmental impacts for co-
treated PLA and food waste using AD to manage waste versus conventional waste 
management techniques as it relates to city and rural systems? This chapter utilizes the 
three pillars (economic, energy& environment and acceptance, and engagement) of 
sustainability to create waste to energy solutions for small rural developing communities.  
 
Abstract 
The primary objective of this research is to show how waste to energy solutions 
can be applied for small rural developing communities, while employing unique methods 
of community engagement and using the three pillars of sustainability to guide decisions. 
Waste management provides unique challenges to developing communities where there is 
no formally established way of disposing of waste.  It requires a revamping of social 
norms to develop a system that the community accepts and fulfills their waste 
management needs for safe, efficient disposal. Thus, it is essential to understand how 
factors including economics, energy, environment, community acceptance and 
community engagement interact in the creation and employment of waste to energy 
systems in developing communities. Research for this study was conducted in Sittee 
River, Belize. A multiphase and mixed methods research approach was employed that 
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included waste audits, waste reduction modeling, and community interviews. The waste 
audits were conducted to quantify the amount of food waste generated by the community, 
and this research evaluated whether or not waste could be used to meet local school 
cooking needs. Using the data from the waste audits, the Environmental Protection 
Agency’s (EPA) waste reduction model (WARM) Version 13 was employed to quantify 
and compare the amount of greenhouse gases (GHG) associated with burying, burning 
and anaerobic digestion of food waste. The amount of food waste sent to the river was 
quantified as well. Additionally, community interviews about current waste practices and 
perceptions were conducted. Findings from the waste audits reveal that there are cost 
tradeoffs between using methane (CH4) gas produced from food waste and butane 
(C4H10) gas when used for food preparation. While the model proves the environmental 
advantage of using the anaerobic digester in terms of global warming potential, the 
interviews reveal that the community does not understand the impacts of their current 
waste management practices. Community members are less concerned about the harmful 
effects of burying and burning trash, but are still interested in alternative waste 
management systems. 
 
Keywords: sustainability, waste management, developing countries, anaerobic digestion, 
community engagement  
 64 
Introduction 
Every year, 2.12 billion tons of waste is disposed of worldwide (The World 
Counts, 2016) and municipal solid waste (MSW) generation is expected to double across 
the world by 2025 (World Bank, 2010). While countries with lower income generate the 
least amount of waste (Khatib, 2011), waste management techniques such as landfilling 
and recycling are not feasible. For example, many people who live in rural regions of 
developing countries do not have waste collection services or own vehicles to transport 
their garbage to a landfill (Marianna & Alessandra, 2010). In many cases, developing 
communities lack infrastructure, from landfills to recycling facilities to waste collection 
and sorting services (Barton, Issaias, & Stentiford, 2008). Consequently, people living in 
rural communities are often left to manage waste on their own. 
Burning, burying and disposing of waste in water bodies are common waste 
disposal methods in many developing countries. Burning produces particulate matter and 
affects air quality (Christian et al., 2010 ). Disposal of trash in rivers or oceans results in 
nitrate emissions to rivers (Blacksmith Institute, 2000) and threatens coastal recreational 
beaches and coral reefs (Rakodi, Gatabaki-Kamau, & Devas, 2000). When buried, 
organic waste degrades and produces environmental pollutants (Babayemi & Dauda, 
2009). Developing countries that do have landfills are often burned openly with 
uncontrolled fires resulting in higher emissions of particulate matter compared to 
developed countries (Wiedinmyer, Yokelson, & Gullett, 2014).  
The benefits of sustainable waste to energy strategies go further than improving 
the environment and human health. About 40% of the waste generated in developing 
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countries is organic (Swati, 2009) and can be converted to a renewable source of energy. 
Waste to energy in developing countries can also increase economic development 
(UNEP, 2010). The International Renewable Energy Agency (IRENA) (2016) report 
states that the use of renewables increases gross domestic product. One form of 
renewable energy technology is anaerobic digestion (AD)–a technology that biodegrades 
and stabilizes organic compounds by microorganism in anaerobic conditions leading to 
biogas production and biosolids that can be used as a fertilizer. Typical digester biogas is 
comprised of 70% of methane (CH4)(Rittmann & McCarty, 2001). A study of two citrus 
processing facilities in Belize found that using AD to treat citrus waste could produce 
about 18 million BTUs per hour, which is enough to electrify the entire facility (USAID, 
1991). This resulted in savings of approximately $100,000 per year. Additionally, Belize 
has long utilized food waste through the sugarcane processing industry, which use their 
waste–bagasse to produce electricity (REEEP, 2011). AD has potential to be a sustainable 
option for handling and treating food waste, reducing pollution and providing a reliable 
energy source and economic growth for rural communities. AD increases access and 
empowers community members to satisfy their essential needs. 
Although AD seems to be a great technology to implement in developing 
countries, it is most important that communities are engaged, empowered and involved in 
the design of the technology, especially if foreigners are introducing the technology. 
Often times engineers are excited and enthusiastic about sharing their technical 
background, but unfortunately neglect to understand important factors that affect 
communities (Harsh et al., 2016). For example, women are often responsible for feeding 
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the digester and cooking with the gas produced from the AD (Vögeli Y, 2014). Thus, 
women are typically more affected by malfunction of the AD and often do not have the 
tools, resources, or knowledge to maintain the AD system. It is therefore necessary to 
consider the potential of the digester to fail and equip the community, especially women, 
with tools to remediate foreseeable failures and conduct regular maintenance.  
Sittee River Village, like many rural developing communities, does not have a 
waste management infrastructure; there is no organized collection of waste or transport to 
a landfill. Most of the villagers do not own vehicles to transport trash to the nearest 
landfill, which is as far as 50 miles away from the village. As a result, villagers rely on 
burning waste, burying waste, and/or throwing trash into open bodies of water for 
disposal. Because schools and summer camps do not have the infrastructure to cook or 
refrigerate food, students are often dismissed early to allow students to go home for 
meals, causing students to miss out on time that could be spent in the classroom. This 
research evaluates whether food waste collected in the community could provide enough 
fuel via AD to meet primary school cooking needs.   
Developing an AD that converts food waste to CH4 allows Sittee River Village to 
set a benchmark of innovation in the field of renewable technologies and waste 
management in developing countries. Best practices and lessons learned can be 
developed from this project to inform other rural communities and developing countries 
and contribute to their nation’s sustainability goals.   
This paper focuses on evaluating the feasibility of a low-cost AD system for a 
local primary school in Sittee River Village located in the Stann Creek District of Belize. 
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The amount of food waste produced from homes and resorts was quantified via waste 
audits to estimate the amount of cooking fuel that could be produced locally. The 
objective of this study was to evaluate the three pillars of sustainability and actively 
involve community members in the design process leading to actualization.  The 
economic pillar was addressed by investigating the costs of AD implementation and 
maintenance. The society pillar was addressed by assessing the community’s perception 
of their current waste management and AD. The environmental pillar was addressed by 
assessing the GHG emissions and waste generation of current and new waste 
management strategies.  
 
Methods 
A multi-phase sustainability approach was taken to assess the feasibility of 
utilizing AD as a way to manage waste, understand the community’s perception of waste 
in their Village, reduce pollution and provide an additional source of energy for Sittee 
River Village, Belize. The three pillars of sustainability: environment (including energy 
and GHG emissions), economics and social acceptance were evaluated to determine 
system sustainability. Throughout the process, the community was engaged in the design 
of the system that ultimately leads to sustainable community practice, maintenance, and 
ownership of the AD (Figure 4.1). For this study we conducted a waste audit to quantify 
the amount of waste available for AD and the associated environmental impacts. The CH4 
production from AD was estimated using its electron equivalent energy recovery as 
equivalent chemical oxygen demand (COD). Interviews with local community members 
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were conducted to assess their knowledge, understanding, and perceptions of current and 
future waste management techniques.  
 
 
Figure 4.1: Sustainability approach for waste to energy solutions. 
Energy from AD and environmental impacts of AD are quantified by calculating the 
chemical oxygen demand recovered as CH4 and by using EPA’s WARM. The cost 
benefits of using CH4 from AD are compared to purchasing C4H10. Surveying and 
interviewing villagers’ perception of the AD measures social acceptance. Community 
members are engaged throughout the design process leading to future installation of AD.  
AD= anaerobic digester. 
 
Waste Audit 
A waste audit of Sittee River Village quantified the amount of food waste 
produced in the village by an average household; the audit tracked waste over the course 
of one week in August 7-12, 2016. There are 349 residents of the village, and as such 
waste from the entire community could not be tracked. Therefore, the waste audit 
collected a representative sample from 5 of households that consisted of 2-7 people 
(representing 5% of all households, 1% of the population) and one resort that serviced 42 
occupants (representing 13% of the resorts in the village).  
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During the waste audit, trash was collected by the residents in households and by 
kitchen staff at the resort. Each household and resort was supplied with a new garbage 
bag each day for the duration of the collection. The residents and kitchen staff were asked 
to fill their garbage bag with any food waste they would usually dispose of in the trash 
until they receive a new garbage bag from the research team the next day to repeat the 
process. 
The research team collected the waste from the residents and resort once a day for 
5 days. Following collection, contents were sorted by first removing inorganic material 
such as plastic wrappings and aluminum cans. Next, types of food waste, shown in Table 
1, were sorted. The mixed food waste was weighed using a digital scale (Vivitar BodyPro 
PS-V132). The quantity of food waste produced from each family and resort is 
summarized in Table 4.1.  
  
 70 
 
Table 4.1: Amount of food waste collected from households and a resort in Sittee 
River Village for one week.    
 
Households /Resort 
Food 
waste 
(kg/week) 
# of 
people Type of food waste 
Household 1 9.9 4 
plantains, rice, ramen, jack fruit, 
potato salad, bread, mixed 
vegetables 
Household 2 4.5 2 rice, chicken, avocado, macaroni 
Household 3 2.2 7 
banana peels, cabbage, cassava 
skin, plantain, corn stover, 
mango peels, lemon 
Household 4 22.7 4 
watermelon peels, banana peels, 
rice, beans, breadfruit, mamey 
peels, papaya peels, onion, 
beets, cabbage, cucumber, 
Johnny cake, okra 
Household 5 2.4 3 
fishbone, lime, onion, green 
peppers, potato, cilantro, sweet 
peppers, chicken skin 
Resort 1 23.1 42 
egg shells, onion, carrot, 
cantaloupe, pancake, pineapple, 
orange peels, Johnny cakes, 
bread, watermelon, lemon, 
chicken, cabbage, lettuce, 
cilantro, lobster shell, fish, 
broccoli, tomato, flour, 
cucumber, rice, red pepper, 
plantain 
Total  64.8 62   
*Johnny cake, similar to pancake 
**Mamey, type of tropical fruit 
 
The amount of food waste collected from the waste audit was used to estimate 
total food waste generation for one year. Using the data summarized in Table 4.1, village 
waste was estimated by assuming that the households audited are representative of the 
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entire village households. The average waste collected from 5 households was 41.9 
kg/house/week. There are 70 houses in the village, thus the annual waste generated in the 
village is 3.2 tons/week. Therefore, the functional unit for this study is 167.4 tons of 
waste/yr.  
Environmental Impact-GHG Emissions 
 For this study we estimate the global warming potential, measured in CO2 
equivalent, to quantify the amount of GHG associated with burying and AD of food 
waste. The GHG emissions of burying and AD of food waste were assessed using EPA’s 
Waste Reduction Model (WARM) Version 13. WARM was created to assist solid waste 
managers in environmental assessment of the end of life processes of material types and 
waste management practices such as landfill, combustion, recycling, composting and AD 
(EPA, 2016c). The model is based on US inventories of GHG emissions and allows users 
to select material inputs while providing conditions such as transportation and type of 
process of waste management technology.  
All inputs for WARM were based on the waste audit. WARM has preset options 
for many parameters, described in Table 4.2. Table 4.2 also shows the parameters that 
were used in this model.  
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Table 4.2: WARM analysis parameters. 
WARM parameter WARM Preset Options Used in this model 
Estimation of 
source reduction 
Current mix or 100% virgin 
material 
100% virgin material, 
which represents the 
inputs of food waste 
Gas emissions from 
landfill 
National Average, LFG Recovery 
or No LFG Recovery 
No LFG Recovery, which 
represents burying food 
waste in Sittee River 
Landfill gas 
recovery 
Recover for energy or flare Flare, back calculations 
used to estimate CO2 
equivalence emitted 
Type of landfill gas 
recovery  
Default-typical operation, worst-
case collection, aggressive gas 
collection or California 
regulatory collection 
Default-typical operation, 
which represents most no 
gas recovery. 
Moisture condition 
and associated bulk 
MSW decay rate 
National average, dry; k=0.02, 
moderate; =0.04, wet; k=0.06 or 
bioreactor; k=0.12 
Wet, which represents 
Belize’s hot and humid 
climate. 
Anaerobic digestion 
of food waste 
materials  
Wet digester or dry digester Wet, which represents the 
selection and design of 
the digester 
Land application of 
digestate 
Cured or not cured  Not cured, which 
represent the selection 
and design of the digester 
Emissions occurring 
during 
transportation 
20 miles or provided information Provided information (12 
miles), round-trip 
collection of food waste 
 
The 100% virgin material was used to estimate source reduction. According to 
WARM and based on the waste audit, it is extremely unlikely for food waste to be 
recycled or to use recycled inputs during material production (EPA, 2015d).  
For the burying of food waste, the WARM landfill scenario was used without 
landfill gas recovery to mimic the burial of food waste in Sittee River Village. Since 
WARM only has the option to recover CH4 for energy or to flare it, the flare option was 
chosen. Flaring the CH4 gas produces only CO2 as a product, whereas burying waste 
produces CO2 and CH4 . The gases produced from burying waste emit approximately 50% 
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CH4 and 50% CO2 (EPA, 1997). Therefore, CH4 was estimated by multiplying the 
amount of CO2 calculated from WARM by 50% and then multiplying by 25, since CH4 is 
25 times more potent (EPA, 2014a), to get CO2 equivalence. Finally, the CO2 and CO2 
equivalence was combined to get the total amount of GHG associated with burying food 
waste.  
Since gas recovery does not reflect our scenario for burying food waste, the 
default typical operation was chosen given that only 20% of landfills are capable of 
recovering the gas (EPA, 2016a). WARM does not factor this option into the results since 
the flare option was selected in the previous step. The moisture content “Wet (k=0.06)” 
was used to associate bulk MSW decay rate for organic waste when buried according to 
Belize’s hot and humid climate (UNCSD, 2012).  
The AD process being considered for Sittee River is wet digestion where the 
digestate will be used as a land applied fertilizer for agriculture. Wet digesters typically 
produce higher CH4 yields, have superior economic benefits and require no special 
technology to load and unload the digester unlike dry digesters (Angelonidi & Smith, 
2015). Therefore, wet digestion was selected in WARM parameters.  The digestate for 
the fertilizer will not be cured (dewatered and liquids returned to digester) given that the 
process is energy intensive (Al Seadi, Fuchs, Drosg, Rainer, & Rutz, 2013). In addition, 
digestate is typically used as a fertilizer without additional treatment (Al Seadi et al., 
2013).  
Transportation emissions were only considered for the AD scenario. Food waste 
will be collected from villagers and resorts to a central location–Sittee River Methodist 
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Primary School. This differs from the burying scenario, since households and resorts bury 
waste on-site and do not require transportation. The collection distance will be 12 miles, 
which is the round-trip distance between the village and nearby resorts.  
Other methods of food waste disposal in Sittee River include dumping waste in 
bodies of water and burning food waste in burn barrels. WARM’s model calculates 
combustion from mass burn, modular and refuse-derived fuel industrial technology; thus, 
the GHG emissions should not be similar to those emissions for direct combustion in 
Belize given that simple burn barrels are used. Disposal of food waste utilizing burn 
barrels is not modeled in WARM and other existing tools. Similarly, disposal of waste 
into the river is not modeled in WARM or other existing tools, and as such no subsequent 
environmental impacts were estimated in this study for disposal of trash in bodies of 
water.  
CO2 emissions from burning food waste is zero since it’s considered to be 
biogenic (EPA, 2016c; FAO, 2013). The amount of food waste dumped into the river was 
estimated based on the results from the waste audit and reported directly as mass of 
waste.  
The emissions and impacts resulting from dumping waste in water bodies were 
not considered in this study. The implications of these assumptions are discussed in 
further detail in the results.   
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Estimating methane production and butane consumption for cooking 
To estimate the amount of CH4 that can be produced from food waste via AD, the 
electron equivalent energy recovery [as equivalent chemical oxygen demand (COD)] was 
calculated according to  
Equation 4.1:  
 
Equation 4.1: Belize CH4-COD conversion 1𝑚𝐿  𝐶𝐻!  𝑔𝑎𝑠 = 𝐿10!  𝑚𝑙 ∙ 1  𝑚𝑜𝑙  𝐶𝐻!22.4  𝐿 ∙ 273  𝐾    313  𝐾   ∙ 8𝑒!𝑒𝑞𝑚𝑜𝑙  𝐶𝐻! ∙ 8  𝑔  𝐶𝑂𝐷𝑒!𝑒𝑞 ∙ 10!𝑚𝑔𝑔= 2.52𝑚𝑔  𝐶𝑂𝐷 
Food waste with similar characteristics COD was measured using HACH HR COD 
kits (TNT 821, 20-1500 mg/L) (Elbeshbishy et al., 2012). The concentration of the 
COD was used to estimate the grams of COD present in the food waste collected and 
converted to volume of CH4 according to  
Equation 4.2: 
 
Equation 4.2: Concentration of COD Converted to Volume of CH4 𝑃!" ∙   𝑉!"    ∙    1  𝑚𝐿  𝐶𝐻!2.52  𝑚𝑔  𝐶𝑂𝐷 = 𝐿  𝑜𝑓  𝐶𝐻! 
where PFW = food waste COD concentration (g/L), VFW = volume of food waste (m3).  
To estimate the amount of fuel (CH4 or C4H10) needed to boil water the specific heat 
equation was used according to  
Equation 4.3:  
 
Equation 4.3: Specific Heat  𝑄 = 𝑐𝑚∆𝑇 
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where Q = heat needed (J), c= specific heat (J/g °C), m = mass  (g), ΔT= change in 
temperate (°C).   
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Interviews 
Two visits to Sittee River village were made for this study.  The initial visit 
occurred in June of 2015, and the second in August 2016.  During the June 2015 visit, a 
random sample of 18 community members (representing 7.8% of the 230 villagers) who 
were over the age of 18, were interviewed on their demographics, quality of life, energy 
use, trash disposal, and view of sustainability. All of the interviewees have lived in Sittee 
River for ten years or more, ages ranging from 23 to 73 years old, and 44% have a high 
school education.  All interviews were conducted in person (IRB2016-323, exempt under 
category B2). The interviews were audio recorded with participants’ permission and later 
transcribed by the interviewers. The interview questions are listed in Table 4.3.  
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Table 4.3: June 2015 Interview Questions. 
1 What is your occupation? 
2 What is your age? 
3 What is the highest level of education you have completed? 
4 How many years have you lived in Sittee River? 
5 Do you have access to electricity? 
6 What kind of fuels do you use in your home? 
7 How would you rate your standard of living? 
8 Is Sittee River sustainable? 
9 How do you dispose of your trash? 
10 Do you think the way you dispose of your trash is harmful to the environment? 
11 Is there a trash collection service in your village? 
 
The second visit occurred in August of 2016.  Five community members were 
interviewed on their views of climate change and their perceptions of the environmental 
and health effects of how they dispose of their waste.  The five people interviewed were 
from 20 to 70 years old.  The interviewer recorded the responses by hand.  The interview 
questions are listed in Table 4.4. 
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Table 4.4: August 2016 Interview Questions. 
1 Have you noticed in any changes in the climate or weather in the past few years? 
2 How do you dispose of your trash? 
3 Do you think the way you dispose of your trash is harmful to the environment? 
 
 The Sittee River village council is made up of 9 (1 woman and 8 men) elected 
community members who make decisions on behalf of the entire village.  Two meetings 
were held with the council to discuss the goals for the duration of the trip and the 
progress that has been made before arriving to the village. One meeting was held during 
the 2015 visit and the other during the 2016 visit. During these meetings, the research 
team explained the AD project and its goal to convert food waste to energy.  In 2016, the 
team went more into depth on the AD technology and received comments from the 
council on their thoughts of integrating a digester into their community. The council 
made suggestions such as creating a job for a community member to transport food waste 
from villagers and resorts to the centralized AD. The community members believe this to 
be feasible given that the distance will be drastically shorter to the AD than the landfill. 
Informal meetings with the council occurred throughout the year via email 
communications and Facebook messaging.  
Social Acceptance 
Social acceptance was estimated using a Likert scale to determine the social 
acceptance rating of implementing an AD, burning and burying trash and river dumping 
described in detail in Table 4.5 (Likert, 1932).  61% of the respondents of all of the 
interviews conducted agree that burning trash is harmful to the environment.  
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Furthermore, the results show that none of the interviewees solely bury their trash.  Trash 
is either burned and buried or not buried at all.  Of the 17 people in 2015 that said they 
burn their trash, 4 of them also bury it.  Therefore, the research team suggests that there is 
questionable interest by the villagers to burn and bury their trash, giving a Likert scale 
rating of 2. Given the enthusiastic responses from the meetings held with the village 
council on behalf of the entire village and interest in wanting to see a working prototype, 
the research team assigned a Likert scale rating of 4 for a positive interest in integrating a 
digester into the community. None of the community members interviewed said that they 
dump their trash in the river although it was observed; therefore a social acceptance 
rating of 1 was given for river dumping. 
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Table 4.5: Social Acceptance Rating. 
Type of 
Waste 
Management 
Full 
Acceptance 
Positive 
Interest Neutral 
Questioning 
Interest 
No 
Acceptance 
AD 5 4 3 2 1 
Trash 
Burning and 
burying 
5 4 3 2 1 
River 
Dumping 5 4 3 2 1 
 
Results/Discussion 
Food waste to energy 
If all food waste from the 5 homes and 1 resort in Sittee River Village was converted to 
CH4 for cooking, the community could boil 43 gallons of water for one week (Figure 2). 
The school’s cooking needs of 16 gallons of water per week would be exceeded by 60%, 
allowing cooked school lunches for 60 students and a surplus of CH4 (Figure 2).  The 
capital cost of building a prototype digester is $468 with a lifetime of one year. The cost 
of boiling 16 gallons of water per week with C4H10 is $0.43, ($0.78/ft3) whereas boiling 
16 gallons of water per week with CH4 from food waste is $9/week. The avoided costs 
per year of purchasing C4H10 would be $22.33 and selling excess CH4 would result in 
$43.68 annually. The payback period for using the digester, avoided cost of purchasing 
C4H10 and profit from selling excess C4H10 would be 7 years. Subsidizing the capital cost 
of the digester would reduce the payback period to 1.5 years if only maintenance was 
considered.   
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Figure 4.2: Methane from food waste compared to purchased butane needed to boil 
water.  
The school needs 16 gallons of boiled water/week to meet cooking needs. The food waste 
collected from 5 Villagers and 1 resort produces and exceeds the amount of CH4 that’s 
needed to meet school’s demand. The cost of purchasing C4H10 is $0.43/week and the 
cost of the AD prototype for 1 year is $9/week. AD=anaerobic digester, FW=food waste, 
CH4=methane and C4H10=butane 
  
The surplus CH4 could be used as a fuel for cooking in community members’ homes and 
resorts. It was calculated that 231 gallons of boiled water is needed to meet the entire 
community’s needs for cooking 3 meals per day over a course of one week. If food waste 
were collected from every home and 4 resorts, methane obtained from AD would exceed 
needs for household cooking by 60%. This excess CH4 from food waste could be used to 
meet the cooking demands of 3 resorts weekly and offset 18% of the needs for an 
additional resort per week.  
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Impacts to the Environment  
 Burying food waste has the highest global warming potential at 3,029 metric tons 
of CO2 equivalent emissions compared to AD (Figure 3). WARM was used to estimate 
GHG emissions from burying while CO2 emissions from burning food waste were not 
counted because it is considered to be biogenic (EPA, 2016c; FAO, 2013). AD results in 
negative global warming potential because CH4 is recovered instead of being emitted into 
the atmosphere. Since upstream emissions (e.g. embodied carbon) as well as construction 
and operation of infrastructure are not included in any of the scenarios, only CH4 
generation from AD for energy use is considered.  
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Figure 4.3: Food waste emissions [in terms of CO2 eq (on the left) and tons trash (on 
the right)] from Sittee River for one year.  
River Dump on the x-axis represents the tons of food waste disposed of directly into 
rivers. AD = anaerobic digestion. CO2 emissions from Burying and AD were calculated 
using WARM. CO2 emissions for burning are biogenic. 
 
Burning of food waste in uncontrolled burn barrels results in pollutants such as 
carbon monoxide and small particulate matter (PM) that are hazardous to human health 
and impact the environment (Greenberg et al., 1984). These emissions were not included 
in this study because of the complexity of accurately modeling human health impacts, but 
it should be noted that they do cause important air quality impacts. The WARM model 
and the Food and Agriculture Organization (FAO) of the United Nations, considers 
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combustion of food waste during the agriculture production phase to be negligible since 
the CO2 emitted is biogenic (EPA, 2016c; FAO, 2013).  
Since there are no tools unique to Sittee River’s ecosystem to assess water 
emissions, the amount of food waste dumped in the river was measured in tons indicating 
the quantity of waste directly dumped into water bodies (Figure 3). Increased amounts of 
food waste to the river increases biochemical oxygen demand and disrupt aquatic 
ecosystems (Chen, 2016). Thus there are likely important water quality impacts to 
consider from this method of disposal.  
 The results from WARM give insight on decision-making. For example, 
switching from burying all food waste to AD results in 1032% decrease in global 
warming potential. Using AD to manage food waste results in significant global warming 
potential reduction compared to burning and burying. However, air quality and water 
quality are likely important factors to villagers health and quality of life, and it will be 
important to further understand the impacts of particulate matter emissions and any 
impacts to drinking water quality.  
Interview Results 
The survey indicated that 41% of the respondents worked in the home followed 
by 23% that hold common labor jobs such as construction or household repairs (Table 
4.6).  There were 44% of respondents that obtained a high school education. The 
demographics of the interviewed participants’ age distribution, high school education, 
and occupation distribution reflect the observed demographic characteristics of Sittee 
River Village. Although only 18 people were interviewed their ages ranging from 23-73 
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and their differences in education help to represent the larger population.  Furthermore, 
there was an equal response between genders, 9 male and 9 female. When describing 
their standard of living, 12% identified as poor while the rest ranged from fair to 
comfortable.  The results of the June 22-29, 2015 survey (Table 4.6) represent 7.8% of 
the population over the age of 18. 
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Table 4.6: June 2015 Interview Results. 
The total number of interview respondents was 18. Then after each question represents 
the number of responses to that question; some questions were not answered. In the far 
right column, # indicates the number of respondents selecting each option.  
Survey Question (N = number of responses) Response options # 
Gender (N=18) Male 9 
  Female 9 
Age (N=18) 18-25 2 
  
  
  
26-40 7 
41-60 6 
>60 3 
Years in Sittee River (N=18) >10 6 
  Entire life 12 
High School Education (N=16) Yes 7 
  No 9 
Occupation (N=17) 
Common Household 
Labor 4 
  
  
  
  
  
Housewife 7 
Tourism 2 
Engineer 1 
Farmer 1 
Unemployed 2 
Access to Electricity (N=18) Yes 18 
  No 0 
Type of Fuel Used (N=16) Butane 12 
  
  
Other (Kerosene, 
Propane) 2 
Multiple 2 
Standard of Living (N=17) Comfortable 4 
  
  
  
Good 8 
Fair 3 
Poor 2 
Sittee River is Sustainable (N=16) Yes 12 
  No 4 
Trash Disposal (N=18) Burn 13 
  
  
Drive to Landfill 1 
Burn and Bury 4 
Trash Disposal is Harmful to the Environment 
(N=18) Yes 10 
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No 7 
Not Sure 1 
Trash Collection Service Available (N=18) Yes 0 
  No 18 
 
Interviewees were also asked about their electricity and fuel consumption. All of 
the interviewees had access to electricity, although a respondent stated that there is a 
small percentage of the villagers without electricity.  The number of respondents that use 
C4H10 as their cooking fuel was 75%. When asked what being sustainable means to them, 
the interviewees used words such as “to sustain”, “to keep going”, and “to have enough 
to live”.  Sittee River is considered a sustainable village by 75% of respondents. There 
were 56% of respondents who believed that burning and burying their trash is harmful to 
the environment while 39% said it was not and 6% was unsure.  
There is no trash collection service in Sittee River.  Residents burn and/or bury 
their trash; 94% of respondents reported doing one or both. There were 72% of 
respondents that burn their trash and 22% both bury and burn their trash. One person 
responded that they are able to transport their trash to the landfill by car.  The closest 
unsanctioned landfill to Sittee River is in the neighboring village of Hopkins; it takes 
approximately 15-minutes to drive there.  The next closest sanctioned landfill is Six Mile 
junction (approximately 50 miles) drive away located at the Six Mile junction. Therefore, 
it is most convenient for community members to burn their trash at home, especially if 
they do not have a car.  In addition, according observations about the village, most 
villagers do not own a car.  The research team was able to visit the Six Mile junction 
landfill and found that trash is burned there as well. Therefore, Sittee River residents have 
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no choice but to manage their waste unless they have their own transportation to the 
landfill and deem transporting garbage as beneficial compared to burning, burying and/or 
dumping in river.  
A second round of interviews was conducted from August 1-15, 2016 to 
understand the community’s perception of climate change and environmental impacts. 
The interview results show that two out of the five community members interviewed 
have noticed climate change effects such as increased temperatures, less rain, and change 
in fruit development.  80% believed that burning trash was harmful to their health and the 
environment.  One woman explained that “we know [burning the trash] goes in the air 
somewhere, but we don’t know where and we don’t smell it here.  There is nothing else 
we can do but burn the trash.”   
Despite recognizing that burning trash was harmful, residents expressed concern 
that there were no other options and that they were doing the best that they could. 
Interviewees made comments such as “[burning trash] is bad for the environment, but 
what can I do? Instead of throwing it in the river or the bushes we burn it.  We are used to 
the pollution here so it is nothing to us.” Another resident said, “We burn our trash in the 
backyard away from the house so it doesn’t hurt us.” On the other hand, one comment 
shows a possible misunderstanding about the impacts of air quality on human health. 
When asked, “Do you think burning trash is harmful to the environment,” the interviewee 
responded, “Sittee River has a lot of trees for oxygen so we don’t have to worry about it.” 
Using the responses from both surveys, 61% of the respondents recognize the 
severity of burning their trash.  However, the other members believe their village is 
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sustainable because it has a lot of trees and greenery, but are not aware of how burning 
their trash can affect their personal health and their environment.  Even so, those that do 
understand the harmful effects of burning and burying their trash have no other choice 
but to do so due to a lack of waste management services in the village.  
Although none of the interviewees reported dumping waste in river, the research 
team observed villagers doing so after category 1 Hurricane Earle passed through Belize 
in August 2016. Many of the villagers saw it as an opportunity to get rid of waste by 
dumping trash in the river since the water was moving faster than usual and quickly 
drained into the ocean.  
During the research team’s meetings with the village council, the council was 
very enthusiastic about implementing an anaerobic digester.  Most of their enthusiasm 
went towards the opportunity for economic development including selling the biogas to 
community members, creating jobs within the community, and selling the used food 
waste as fertilizer.  The council was most worried that the digester would create a bad 
smell in the village, but they are interested in seeing a working prototype to know that 
digester will not smell.  More interviews need to be conducted with the primary school 
teachers and personnel who would be in charge of cooking the food to understand their 
concerns of using biogas instead of C4H10.  
Belize Solid Waste Management Authority    
The Belize Solid Waste Management Authority has developed a Solid Waste 
Master Plan for Emerging Tourism Areas.  This plan is scheduled for implementation in 
the next ten years.  The plan describes the separation of organic waste as an important 
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part of an integrated waste management system.  The plan also sites research supporting 
that organic waste is responsible for CH4 emissions in landfills, therefore suggesting that 
organic waste would be better disposed of in compost or used as a source of renewable 
energy.  The plan considers AD as a solution to managing organic waste, however the 
Authority will not implement the technology until their waste management plan is fully 
established (HYDEA SpA, 2016). 
The plan notes that rural villages, such as Sittee River, are accustomed to 
separating their organic waste for compost.  This gives Sittee River an advantage in 
developing a waste management plan that incorporates AD.  Implementing a digester in 
Sittee River can serve as an example to the Belize Solid Waste Management Authority of 
what can be achieved with AD and provide best practices for future waste management 
system implementation throughout Belize. 
Sustainability of food waste management options for Sittee River 
Sustainability of food waste management strategies was assessed using several 
metrics in each of the three pillars of sustainability: social, economic, and environmental. 
Figure 4.4shows normalized results to compare the different options (burn, bury, river 
dump, AD) for managing food waste in Sittee River based on the three pillars. 
Environmental sustainability is represented by GHG emissions and tons of waste dumped 
directly into water bodies. Economic sustainability is represented by the cost of using 
CH4 from food or to purchase C4H10. Note that the cost of using CH4 does not include 
capital and maintenance costs associated with AD. Social sustainability is represented by 
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social acceptance, determined by applying a Likert scale to the results of the interviews 
and survey.  
 
Figure 4.4: Normalized sustainability footprint of AD, burying, river dump and 
burning. AD=anaerobic digestion 
 
AD, indeed, has the smallest sustainability footprint compared to current waste 
management techniques (Figure 4.4). AD has the most social acceptance and end of life 
processes does not result in GHG compared to burning, burying and river dump since 
CH4 is produced as a renewable energy source. Although there are costs associated with 
using AD, overall the sustainability footprint is less. Unlike AD, burning, burying and 
river dump do not produce a renewable energy source; therefore C4H10 must be purchased 
for cooking if these waste management techniques are used. Burning has the next 
smallest sustainability footprint in terms of environment, mainly due to the fact that 
emitted GHG are lower than burying and there is no kg of waste to the river unlike river 
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dump. Although burying and burning have very different environmental affects, both 
have the same social acceptance. If other environmental impacts were able to be 
included, (e.g. particulate matter emissions which would likely increase the footprint of 
burning waste, water quality degradation which would likely increase the footprint of 
dumping waste into rivers) then AD may very well show to be an even better alternative 
food waste management strategy.  
 
Conclusion 
The results and analysis of this sustainability study reveal the interaction of 
economics, energy, greenhouse gas emissions, and community engagement in the 
application of waste to energy systems to a rural community in Belize.  Findings from the 
waste audits reveal that there are cost tradeoffs between using CH4 gas produced from 
food waste and C4H10 gas when used for food preparation. However, in terms of social 
and environmental factors, using an AD for waste management can address related 
challenges in rural communities. One such challenge that the surveys reveal is the need 
for heightened community awareness of the harmful effects of burning, burying and 
dumping trash in river and alternative waste management systems. Thus, community 
engagement through education and decision making in planning, design and installation 
processes will lead to a more effective technical waste management system, while 
building trust with the community.  
Community leaders revealed that many young community members end up 
leaving the village to live in more developed areas where there are more job opportunities 
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other than the saturated tourism industry in Sittee River. Incorporating AD as new waste 
management technique may prove to reduce GHG emissions while providing fuel for 
cooking and more jobs for the new generation of employees allowing Sittee River Village 
to grow and thrive.  
While this work addresses the community engagement process as a bridge 
between sustainability factors and the technical AD system, further research is needed to 
show how risks associated with AD affect the planning and design of the system. This 
work sets the basis for deeper exploration of community engagement by incorporating 
user experiences and perspectives. Once the AD project is piloted and fully implemented, 
future study can show how the community engagement process works to enhance or 
hinder project outcomes such as cost effectiveness, schedule and project quality. This 
work will serve to support the interactive process between the influence of sustainability 
factors and the subsequent influence of community engagement on the AD system.  
Insights from this research can be used to inform sustainability frameworks for 
similar waste to energy cases.  For instance, this work is particularly relevant since the 
Belize Solid Waste Management Authority is considering AD in its future plans for waste 
management.  The approach, results, and analysis from this work can serve as an example 
that informs plans for other small rural developing communities.    
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CHAPTER FIVE  
 
ENVIRONMENTAL IMPLICATIONS OF FOOD AND PLA WASTE 
MANAGEMENT OPTIONS 
 
Shakira R. Hobbsa, Jay P. Devkotaa, Prathap Parameswaranb and Amy E. Landisa 
(a Institute of Sustainability, Glenn Department of Civil Engineering, Clemson University 
Clemson, SC, 29634 USA; b Department of Civil Engineering, Kansas State University, 
Manhattan, KS 66506, USA) 
 
 
This chapter address research question 4.) What are the environmental impacts for co-
treated PLA and food waste using AD to manage waste versus conventional waste 
management techniques as it relates to city and rural systems? The chapter demonstrates 
the environmental consequences of landfilling food and PLA waste compared to compost 
and anaerobic digestion.  
 
Abstract 
The study assesses the environmental impacts of anaerobic digesting, composting 
and landfilling of food and PLA waste via the Environmental Protection Agency’s Waste 
Reduction Model (WARM) Version 13 and life cycle assessment (LCA) of anaerobic 
digestion model. WARM contains composting and landfilling food and polylactic acid 
(PLA) waste, but not anaerobic digestion. Compost, landfill and anaerobic digestion of 
food and PLA waste data was extracted and assessed from WARM, Ecoinvent and 
literature to show environmental impacts. Results show landfilling 200 tons of food and 
PLA waste per year produces the most CO2 equivalent at 132 tons/yr. Composting 
resulted in negative emissions for food waste, however PLA does not degrade in 
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industrial composting facilities and are instead sent to landfills. Anaerobically digested 
food and PLA waste is the best scenario, in terms of reduced carbon emissions, when 
biogas is used to heat the digester. In contrast, anaerobic digestion requires the most 
energy, even when biogas is utilized in comparison to landfilling and composting. 
Although WARM shows energy and carbon impacts from food and PLA waste, it does 
not show process breakdowns. Results from the study highlight the limitations of WARM 
and show processes that can be further optimized to reduce environmental impacts.  
 
Introduction 
Sending food to landfills has serious and detrimental environmental impacts. 
Food waste in landfills breakdown anaerobically and produces a greenhouse gas, 
methane, 25 times more potent than CO2 (IPCC, 2007). Although landfills can recover 
gas, only 20% of landfills are capable of recovering the gas (EPA, 2016a). Food waste 
can be redirected from landfills to compost and anaerobic digestion facilities to produce 
nutrient rich soil amendments and produce methane for combine-heat and power.  
 Recently, handling food waste has become more complicated because it is often 
‘contaminated’ with bioplastic such as PLA. Bioplastic are often used in food packaging 
and increasingly used to achieve zero-waste efforts and sustainability goals. While PLAs 
are intended to be composted after use alongside food waste, industrial composting 
facilities managers’ report that PLAs do not fully biodegrade in their systems (Meeks et 
al., 2015; Siracusa et al., 2008). Many composting facilities are rejecting PLAs and 
sending them to landfills (Hottle et al., 2013). New sustainable solutions are needed to 
manage both food and PLA waste. PLA and food waste can be sent directly to anaerobic 
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digesters without being cleaned or sorted. These waste management scenarios may be 
more environmentally friendly and energetically positive when compared to compost 
facilities and landfills. 
 The aim of this study was to understand the energy and carbon impacts of 
composting, landfilling and anaerobically digesting food and PLA waste. WARM (an 
EPA waste reduction model) Version 13 has compost and landfill options to estimate 
energy use and greenhouse gas (GHG) emissions from food and PLA waste. However, 
there is no model that exists that considers anaerobic digestion of food and PLA waste to 
estimate energy use and GHG emissions. Therefore, we developed a new anaerobic 
digestion model based on data from Ecoinvent and literature. This model can be used by 
designers and practitioners for optimizing processes with an aim for reducing 
environmental impacts and understanding trade-offs. 
 
Methods 
Goal and Scope definition 
The goal of this LCA was to evaluate and compare three different end-of-life 
waste management options: compost, landfill and anaerobic digestion in terms of 
environmental impacts and energy use. The functional unit for the LCA was normalized 
to 200 tons to reflect the amount of food and PLA waste produced per year (EPA, 2016b; 
NatureWorks, 2012). 200 tons was used because the capacity of anaerobic digester was 
200 tons.  
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The analysis begins once food and PLA waste is discarded as shown in Figure 
5.1. Other processes outside of the system boundary (dotted line) are also shown in the 
background and are not considered in the analyses since they do not deal with use-phase 
or end of life processes. In this analysis, food waste consists of: beef, poultry, grains, 
bread, fruits and vegetables and dairy products–this also includes uneaten and prepared 
food from commercial, non-commercial and industrial sources (Buzby, Wells, & Hyman, 
2014). PLAs are often used for food packaging such as forks, cups, lids and thin films, 
which are also considered in this analysis.  
 
Figure 5.1: Life cycle of food and PLA waste. 
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WARM an AD LCA model  
Waste Reduction Model (WARM) was created by the EPA to assist waste solid 
managers in environmental assessment of material types and waste management practices 
(EPA, 2016c). WARM allows users to select material inputs for solid waste management 
options and compare different treatment options. Results are reported as metric tons of 
carbon dioxide equivalent (MTCO2E), metric tons of carbon equivalent (MTCE) and 
units of energy (million BTU). WARM has waste management options such as: 
recycling, landfilling, combusting and composting, but does not have anaerobic digestion.  
End of life-cycle data was used to create a model for anaerobic digestion that 
shows the carbon and energy impacts of digesting food and PLA waste. Similar system 
boundaries, inputs and outputs were used based on WARM. However, WARM gives 
limited life cycle inventory (LCI) data, which makes it difficult to replicate the model. 
Therefore, data was collected from WARM, Ecoinvent and from literature. Life Cycle 
Impact Assessment was completed using the TRACI 2.1 V1.01 impact characterization–
Global Warming Potential and energy use was calculated. 
Scenario 1, the landfilling scenario  
This scenario describes the management system for handling food and PLA 
waste. WARM was used to assess landfilling emission factors, which are made up of: 
1. Transportation CO2 emissions from landfilling equipment; 2. Biogenic carbon stored in 
the landfill; 3. CO2 emissions avoided through landfill gas-to-energy projects” (EPA, 
2016c). 
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Scenario 2, the composting scenario  
WARM was used to assess this scenario and describes the management system 
for handling food and PLA waste. Compost emission factors are calculated based: 1. 
“Collecting and transporting the organic materials to the central composting site; 2. 
Mechanical turning of the compost pile; 3. Non-CO2 GHG emissions during composing 
(primarily CH4 and N2O); 4. Storage of carbon after compost application to soils.” (EPA, 
2016c). 
Scenario 3, the anaerobic digestion scenario  
Anaerobic digestion LCA model was used to assess this scenario and describes 
the management system for handling food and PLA waste. Data was retrieved from 
(Ecoinvent, 2010) and (Salter, 2008). Anaerobic digestion factors are calculated based 
on: 1. Collecting and transporting the organic material to central AD site; 2. Operation of 
anaerobic digester; 3. CO2 and Methane emissions avoided through AD gas to energy 
products or utilization of natural gas; 4. Transportation CO2 emissions from landfilling 
equipment. 
 
Results and Discussion  
The results show significant differences in energy use and environmental impacts 
between the waste management techniques assessed in this study. The results from the 
study emphasize the importance of showing individual processes rather than impacts 
from food and PLA waste only.   
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Comparison of four waste management options results 
 Results showed anaerobic digestion, utilizing natural gas or biogas, had 
significantly lower CO2 emissions than landfilling (Figure 5.2).  Utilizing natural gas to 
operate the digester instead of biogas results in 26.6 more MT CO2 eq (Figure 5.2). The 
additional surplus of biogas from the anaerobic biogas scenario can be sold or stored for 
future uses. Therefore, using biogas, produced from anaerobic digestion, to operate 
anaerobic digester facilities further reduces the global warming potential as opposed to 
utilizing natural gas. However, there is no significant difference in energy use between 
utilizing biogas versus natural gas. Furthermore, landfilling and composting food and 
PLA waste requires significantly less energy to dispose and treat than anaerobic 
digestion. Landfilling food and PLA waste resulted in significant GWP collectively, 132 
MT CO2 eq. compared to compost at -30 MT CO2 eq. avoided emissions (Figure 5.2). 
Emissions are avoided from food and PLA when composted since WARM considers 
composting food and PLA waste to biogenic, not anthropogenic like landfilling food 
waste. However, there is some debate in the literature on whether or not PLA produces 
anthropogenic or biogenic waste.  
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Figure 5.2: Global warming potential and energy use of food and PLA waste 
compared to four waste management techniques. 
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show that amorphous and crystalline PLA biodegrade under thermophilic anaerobic 
conditions (Krause & Townsend, 2016; Vargas et al., 2009)–same conditions as landfills. 
Anaerobic digestion (biogas and natural gas) process results  
Collection and transportation of food and PLA waste to anaerobic digestion site, 
heat, electricity, methane and transportation of digestate to landfill are ancillary processes 
that are used to create the model. 415 million BTU/yr of natural gas is needed to operate 
the anaerobic digester with about 430 million BTU/yr produced as a byproduct (Figure 
5.3). Methane produced from the digester can be substituted for natural gas and used to 
power and operate the anaerobic digester leaving a byproduct of 15 million BTU/yr of 
methane. Utilizing natural gas as a heating source for the anaerobic digester contributed 
to 38.4 MT CO2-eq compared to utilizing biogas at 11.8 MT CO2 eq. Substituting natural 
gas for biogas drastically reduces MT CO2 eq. (Figure 5.3) and demonstrates the benefits 
of showing individual processes. 
Majority of the energy used in the anaerobic digestion scenario is the collection 
and transport to the anaerobic digester site at 1440 million BTU/yr (Figure 5.3). 
Quantifying and showing individual processes assist in waste management operators’ 
decision-making and provide concise guidance highlight sustainable waste handling 
techniques. 
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Figure 5.3: Energy use and Global Warming Potential of individual processes of 
anaerobic digestion utilizing biogas and natural gas 
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be biogenic emission, despite literature stating otherwise. Among the waste reduction 
scenarios considered in the study, anaerobically digesting food and PLA waste was 
reported as the best scenario, in terms of reducing CO2 emission, provided that the 
produced biogas was used to operate the digester. However, anaerobic digestion required 
the most energy (10 Million BTU/yr) to digest 1 ton of food and PLA waste, even when 
biogas was utilized. The anaerobic digestion scenarios highlight the importance of 
showing individual processes. It also assists in identifying individual process that require 
and emit the most energy and CO2 that can be further optimized.  
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CHAPTER SIX  
 
COMPARATIVE LIFE CYCLE ASSESSMENT OF POLYLATIC ACID AND 
FOOD WASTE DISPOSABLE METHODS 
 
Shakira R. Hobbs et al.  
 
This chapter address research question 4.) What are the environmental impacts for co-
treated PLA and food waste using AD to manage waste versus conventional waste 
management techniques as it relates to city and rural systems? This chapter demonstrates 
the environmental impact associated with treating food waste and PLA using anaerobic 
digestion (with or without pretreatment), compost (with or without pretreatment) and 
landfill.   
 
Introduction Most	  plastics	  are	  derived	  from	  non-­‐renewable	  resources	  such	  as	  petroleum-­‐based	   chemicals	   consisting	   of	   a	   wide	   range	   of	   synthetic	   and	   semi-­‐synthetic	  polymers	  (Mohanty,	  Misra,	  &	  Hinrichsen,	  2000).	  Hopewell	  et	  al.	  argues	  that	  by	  2050	  the	  plastic	  industry	  will	  account	  of	  20%	  of	  the	  total	  oil	  consumed	  annually	  (2009).	  In	   2013,	   the	  US	   only	   recovered	   9.2%	  of	   plastic	   generated;	   currently	   plastic	   is	   the	  second	   largest	   (second	   to	   food	   waste)	   contributor	   to	   municipal	   waste	   material	  discarded	   (EPA,	   2015a).	   The	   amount	   of	   plastics	   produced	   is	   concerning	   from	   an	  energy	  and	  environment	  prospective	  and	  highlights	  the	  necessity	  of	  alternatives	  to	  traditional	  plastics.	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   Many	  establishments,	  from	  restaurants	  to	  athletic	  venues	  (e.g.	  McDonald’s	  in	  Sweden)	  are	  switching	  to	  plant-­‐derived	  serviceware	  plastics	  such	  as	  polylactic	  acid	  (PLA)	   to	  achieve	  waste	  diversions	  goals	   (Haugaard,	  Danielsen,	  &	  Bertelsen,	  2003).	  Biobased	  packaging	  materials	  are	  also	  used	  for	  food	  to	  extend	  shelf	  life	  and	  serve	  as	  an	  oxygen	  and	  water	  barrier	  (Peelman	  et	  al.,	  2013).	  Bioplastics	  assist	  in	  meeting	  the	  USDA	  and	  EPA	  goal	  of	  reducing	  food	  waste	  by	  50%	  by	  year	  2030	  (USDA,	  2015).	  PLA	  is	   an	   attractive	   alternative	   because	   it	   is	   touted	   as	   compostable	   and	   is	   used	   for	   a	  variety	  of	  applications	  including	  food	  packaging.	  	  Recently,	   waste	  management	   options	   for	   handling	   PLA	   have	   become	  more	  complicated	  because	  it	  is	  often	  ‘contaminated’	  with	  food	  waste.	  Sudesh	  et	  al.	  expect	  biobased	   and	   biodegradable	   plastic	   to	   pose	   as	   a	   challenge	   as	   production	   and	   use	  continues	  to	  increase	  (2008).	  Similar	  to	  most	  traditional	  plastics,	  PLA	  serviceware	  is	  often	   co-­‐disposed	   with	   food	   waste,	   which	   makes	   it	   difficult	   to	   recycle	   without	  expensive	  separating	  and	  sanitizing	  processes	   (Hopewell	  et	  al.,	  2009).	   In	  addition,	  there	   are	   no	   current	   systems	   that	   allow	   PLA	   to	   be	   recycled	   nationwide,	   which	   is	  most	   likely	  to	  result	   in	  PLA	  being	  redirected	  to	   landfills	  alongside	  other	  municipal	  solid	  waste	  such	  as	   food	  waste	  (Meeks	  et	  al.,	  2015).	  The	  same	  situation	   is	   true	  for	  compost;	  although	  PLA	  is	  biodegradable,	  it	  is	  not	  compostable	  (Siracusa	  et	  al.,	  2008)	  and	  in	  return	  are	  sent	  to	  landfills.	  	  The	  current	  practice	  of	  sending	  food	  waste	  and	  bioplastics,	  including	  PLA,	  to	  landfills	  contribute	  to	  potent	  GHG	  emissions	  (Kolstad	  et	  al.,	  2012b).	  Although	  44%	  of	   landfills	   in	   the	   US	   capture	   landfill	   gas	   for	   energy	   production	   through	  methane	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recovery	   systems,	   there	   are	   some	   landfills	   that	   exist	   without	   landfill	   (18%)	   gas	  recovery	  (EPA,	  2015c).	  Other	   waste	   management	   options,	   such	   as	   composting	   and	   anaerobic	  digestion	  (AD)	  may	  be	  more	  desirable	  disposal	  option	  given	  the	  ability	  to	  dispose	  of	  food	   waste	   and	   PLA	   together	   while	   gaining	   beneficial	   co-­‐products.	   Compost	   and	  anaerobic	   digestion	   both	   play	   a	   role	   in	   the	   sustainable	   conversion	   of	   waste	   to	  valuable	   resources.	  The	   challenge	   for	   composting	   is	   that	  PLA	  does	  not	  degrade	   at	  the	  same	  rate	  as	  food	  waste,	  and	  often	  PLA	  is	  sent	  to	  the	  landfill	  anyway	  (Meeks	  et	  al.,	   2015;	   Siracusa	   et	   al.,	   2008).	   Previous	   research	   suggests	   that	   an	   amendment	  might	  enable	  degradation	  of	  PLA	  in	  compost,	  but	  this	  is	  not	  current	  practice	  (Hottle,	  Agüero,	  Bilec,	  &	  Landis,	  2016a).	  However,	   it	   is	  unclear	  whether	  the	  environmental	  impacts	  of	  disposing	  of	  PLA	  in	  compost	  can	  ultimately	  achieve	  landfill	  diversion	  and	  sustainability	  goals.	  	  More	   recently,	   interest	   in	   anaerobic	   digestion	   of	   the	   combination	   of	   food	  waste	  and	  bioplastics,	  given	  PLA’s	  ability	  to	  produce	  methane	  as	  a	  renewable	  energy	  source	  (Krause	  &	  Townsend,	  2016).	  Anaerobic	  digestion	  may	  reduce	  environmental	  impacts,	   but	   the	   technique	   is	   still	   under	   development	   (Levis	   &	   Barlaz,	   2011).	  Laboratory	  research	  has	  been	  completed	  which	  optimize	  the	  anaerobic	  digestion	  of	  the	   combination	   of	   food	  waste	   and	   pretreated	   PLA	   that	   showed	   favorable	   results	  (Chapter	  4),	  however	  the	  environmental	  impacts	  are	  still	  unclear.	  	  Life	   cycle	   assessment	   (LCA)	   is	   a	   modeling	   technique	   commonly	   used	   to	  quantify,	   assess	   and	   compare	   environmental	   burdens	   (or	   impacts)	   and	   tradeoffs	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connected	  to	  products	  or	  services,	  beginning	  with	  upstream	  raw	  material	  extraction	  down	   to	   end	   of	   life	   waste	   removal	   or	   recycling,	   including	   all	   relevant	   inputs,	  emissions,	  credits	  (offsets)	  and	  outputs	  (Klöpffer,	  1997).	  However,	   to	   this	  date,	  no	  life	  cycle	  assessment	   (LCA)	  comparing	   the	  environmental	  consequences,	   tradeoffs,	  and	   benefits	   between	   landfilling,	   composting	   and	   anaerobic	   digestion	   of	   the	  combination	  of	  food	  waste	  and	  PLA	  has	  been	  conducted.	  The	  aim	  of	  this	  study	  was	  to	  compare	  the	  environmental	  impacts	  of	  different	  disposal	   options	   for	   food	   waste	   and	   PLA,	   including	   anaerobic	   digestion,	   compost	  and	  landfill.	   In	  addition,	  this	  study	  also	  evaluates	  the	  potential	   for	  pretreatment	  of	  PLA	  to	  enhance	  anaerobic	  digestion	  and	  compost.	  At	  the	  time	  of	  writing,	  there	  was	  no	  model	  that	  considers	  anaerobic	  digestion	  of	  food	  waste	  and	  PLA.	  Therefore,	  the	  model	  presented	  herein	  can	  be	  used	  by	  practitioners	  for	  optimizing	  processes	  with	  an	  aim	  of	  reducing	  environmental	  and	  human	  impact.	  It	  is	  important	  to	  understand	  these	  waste	  management	  scenarios	  and	  identify	  more	  environmentally	  friendly	  and	  energetically	  positive	  techniques	  for	  managing	  food	  waste	  and	  PLA.	  
 
Methods and Materials  
The goal of this Life Cycle Assessment was to evaluate and compare three 
different end-of-life waste management options: anaerobic digestion (untreated and 
treated), compost (untreated and treated) and landfill. The LCA study followed the ISO 
14040 series framework (Guinée, 2002). LCAs are used to quantify environmental 
burdens or impacts connected with a product or service, beginning with raw material 
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extraction through end of life (Klöpffer, 1997). An attributional life cycle assessment was 
performed only on the end of life for PLA and food waste; the system boundaries are 
summarized in Figure 6.1. The functional unit was 1 kg of combined food waste and 
PLA.  The percentage of mass inputs in each waste management technology was based 
on operational processes. Construction and transportation impacts were included in the 
model. Transportation for all scenarios were considered to be standard based on US 
Environmental Protection Agency Waste Reduction Model transportation assumption 
distance (EPA, 2016c).  
 
 
Figure 6.1: System boundaries for food and PLA waste.  
The primary anaerobic digestion (AD) model boundary includes pretreatment, AD and 
co-product production credits, the alternative AD scenario excludes pretreatment but 
includes landfilling of biosolid waste. Similarly, one composting scenario includes 
treatment while the other does not. All scenarios include the collection and transportation 
of waste.  
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Calculation–Life Cycle Inventory (LCI) 
Based on individual operation conditions for each waste management technology, 
the appropriate ratio of food waste to PLA and anaerobic digested sludge–from anaerobic 
digestion–was investigated (Table 6.1). Life cycle inventory data for treated and 
untreated anaerobic digestion were derived from chapter 4 and peer-reviewed 
publications. Treatment of PLA for compost was derived from peer-reviewed 
publications. Life cycle inventory data for compost and landfill were derived from 
existing Ecoinvent version 3.1, which has a default compost and landfill system modeled 
out of Europe. The compost and landfill data was used without modification in this paper.  
Table 6.1: Inventory of food waste and PLA data for waste treatment options 
Data	  description	   Unit	   Unit	   Source	  Food	  waste	  and	  PLA	  Functional	  Unit	   1	   kg	   N/A	  
Anaerobic	  digestion	  treated	  
Inputs	  Food	  waste	  input	  	   4.6%	   Percent	  by	  mass	   Chapter	  4	  Anaerobic	  digested	  sludge	  input	   40.2%	   Percent	  by	  mass	   Chapter	  4	  Water	   48.5%	   Percent	  by	  mass	   Chapter	  4	  HCl	  input	  	   3.0%	   Percent	  by	  mass	   Chapter	  4	  NaOH	  input	   3.1%	   Percent	  by	  mass	   Chapter	  4	  PLA	  input	   0.6%	   Percent	  by	  mass	   Chapter	  4	  
Outputs	  CH4	  produced	   0.3%	   Percent	  by	  mass	   Chapter	  4	  CO2	  produced	   0.1%	   Percent	  by	  mass	   Chapter	  4	  Biosolids	  (sludge)	   13.0%	   Percent	  by	  mass	   Chapter	  4	  Biosolids-­‐ash(inert)	   4.6%	   Percent	  by	  mass	   calculated	  (D.	  H.	  Liu	  &	  Liptak,	  1999)	  Water	   48.5%	   Percent	  by	  mass	   Chapter	  4	  Influent	  consumed	  	   26.9%	   Percent	  by	  mass	   Chapter	  4	  *Chemical	  outputs	   7%	   Percent	  by	  mass	   Chapter	  4	  
Calculation	  Parameters	  Biosolids-­‐	  food	  waste	   5%	   Percent	  of	  total	  solid	   calculated	  (D.	  H.	  Liu	  &	  Liptak,	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1999)	  Biosolids-­‐ash	  from	  sludge	   13%	   Percent	  of	  total	  solid	   calculated	  (D.	  H.	  Liu	  &	  Liptak,	  1999)	  NaOH	  for	  Scrubber	  per	  carbon	  dioxide	   4.3	   gram	  per	  gram	   calculated	  (Tippayawong,	  Promwungkwa,	  &	  Rerkkriangkrai,	  2007)	  
CO2	  removal	  efficiency	   93%	   Percent	  by	  volume	   calculated	  (Tippayawong	  et	  al.,	  2007)	  
Moisture	  content	   30%	   Percent	  by	  mass	   calculated	  (Patrick	  Walsh	  &	  O'Leary,	  2002)	  P2O5	  fertilizer	   1%	   g/kg	  total	  solid	  	   calculated	  (Tambone	  et	  al.,	  2010)	  K2O	  oxide	  fertilizer	   1%	   g/kg	  total	  solid	  	   calculated	  (Tambone	  et	  al.,	  2010)	  
N	  fertilizer	  	   5%	   Percent	  of	  total	  solids	   calculated	  (Davidsson,	  Gruvberger,	  Christensen,	  Hansen,	  &	  Jansen,	  2007)	  Lime	  stabilization	  CaO	   10%	   Percent	  by	  mass	   Calculated,	  (Shelef,	  Sukenik,	  &	  Green,	  1984;	  Wurtz,	  1981)	  	  
Anaerobic	  digestion	  untreated	  
Inputs	  Food	  waste	  input	   10%	   Percent	  by	  mass	   Chapter	  4	  Anaerobic	  digested	  sludge	  input	   49.7	   Percent	  by	  mass	   Chapter	  4	  Polylactic	  acid	  input	   1%	   Percent	  by	  mass	   Chapter	  4	  
Outputs	  CH4	  produced	   1%	   Percent	  by	  mass	   Chapter	  4	  CO2	  produced	   0.2%	   Percent	  by	  mass	   Chapter	  4	  Biosolids	  (sludge)	   29%	   Percent	  by	  mass	   Chapter	  4	  Biosolids	  (inert)	   11%	   Percent	  by	  mass	   Chapter	  4	  PLA	  output	   1%	   Percent	  by	  mass	   Chapter	  4	  Influent	  consumed	  	   59%	   Percent	  by	  mass	   Chapter	  4	  
Calculation	  Parameters	  Biosolids-­‐	  food	  waste	   5%	   Percent	  of	  total	  solid	   calculated	  (D.	  H.	  Liu	  &	  Liptak,	  1999)	  Biosolids-­‐ash	  from	  sludge	   11%	   Percent	  of	  total	  solid	   calculated	  (D.	  H.	  Liu	  &	  Liptak,	  1999)	  NaOH	  for	  Scrubber	  per	  carbon	  dioxide	   4.3	   gram	  per	  gram	   calculated	  (Tippayawong	  et	  al.,	  2007)	  
CO2	  removal	  efficiency	   93%	   Percent	  by	  volume	   calculated	  (Tippayawong	  et	  al.,	  2007)	  
Moisture	  content	   30%	   Percent	  by	  mass	   calculated	  (Patrick	  Walsh	  &	  O'Leary,	  2002)	  
Compost	  	  treated	  Food	  waste	  input	   67%	   Percent	  by	  mass	   calculated	  (Hottle	  et	  al.,	  2016b)	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PLA	  input	   13%	   Percent	  by	  mass	   calculated	  (Hottle	  et	  al.,	  2016b)	  Soil	  amendment	   20%	   Percent	  by	  mass	   calculated	  (Hottle	  et	  al.,	  2016b)	  
Calculation	  Parameters	  P2O5	  fertilizer	   1%	   g/kg	  total	  solid	   calculated	  (Tambone	  et	  al.,	  2010)	  K2O	  fertilizer	   1%	   g/kg	  total	  solid	   calculated	  (Tambone	  et	  al.,	  2010)	  N	  fertilizer	  	   5%	   percent	  of	  total	  solid	   calculated	  (Davidsson	  et	  al.,	  2007)	  
Compost	  	  untreated	  Food	  waste	  input	  	   83%	   Percent	  by	  mass	   calculated	  (Hottle	  et	  al.,	  2016b)	  PLA	  input	   17%	   Percent	  by	  mass	   calculated	  (Hottle	  et	  al.,	  2016b)	  
Calculation	  Parameters	  P2O5	  fertilizer	   1%	   g/kg	  total	  solid	   calculated	  (Tambone	  et	  al.,	  2010)	  K2O	  fertilizer	   1%	   g/kg	  total	  solid	   calculated	  (Tambone	  et	  al.,	  2010)	  N	  fertilizer	  	   5%	   percent	  of	  total	  solid	   calculated	  (Davidsson	  et	  al.,	  2007)	  	  
All scenarios exclude PLA and food waste production, household and commercial 
use, and include collection/transportation processes. The base case scenario (called AD 
scenario with pretreatment) consists of AD pretreatment, and anaerobic digestion, 
resulting in soil amendment and biogas product credits.  The impacts from co-product use 
(power utilization and land application) are outside of the system boundary. The fist 
alternative scenario is anaerobic digestion without pretreatment and soil amendment. 
Biogas is a product from anaerobic digestion and biosolid effluent is sent to landfill. The 
second alternative scenario is landfill of all bioplastic and food waste. The third 
alternative scenario is compost without treatment and screening of bioplastics from soil 
amendment. The fourth alternative scenario 4 consists of clay amendment treatment 
resulting soil amendment product. Land application is outside of the system boundary.  It 
assumed that all transportation for each waste management technology is 10 km.  
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Description of end of Life Scenarios 
Treated anaerobic digestion model scenario 
The anaerobic digestion model is based on laboratory experiments from chapter 4 
assessing the chemical pretreatments of accelerating the degradation of PLA and 
anaerobically digesting with food waste. Measured methane production from food waste 
and PLA as well as degradation of PLA were used in this study, presented in the 
supplemental material (Table 1). For successful operation, NaOH and HCl were used as a 
pretreatment to accelerate degradation of PLA and neutralize before adding into digester. 
Anaerobic digested sludge was used in the anaerobic digestion system as an inoculum. 
Since the anaerobic digested sludge is used as an inoculum and no longer sent to the 
landfill, anaerobic digested sludge was counted as a credit for landfill avoidance. Digester 
digestate is nutrient rich in phosphorus, potassium and nitrogen (Davidsson et al., 2007; 
Tambone et al., 2010). Before digestate can be considered a soil amendment it must 
comply with EPA Federal Standards for the USE or Disposal of Sewage Sludge, 40 CFR 
Part 503 (EPA, 1994a).   Therefore, it is common for digestate to be dewatered using a 
centrifuge and stabilized with quicklime before applied to land (Pasqualino, Meneses, 
Abella, & Castells, 2009). Dewatered and stabilized digestate was counted as a credit for 
synthetic fertilizer production offset given that the digestate will be considered a soil 
amendment. The anaerobic digestion model from Ecoinvent purifies biogas to pure 
methane and uses methane for cogeneration and excess can be sold into the natural gas 
grid or sold in a pumping station (Stucki, Jungbluth, & Leuenberger, 2011). 
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Alternative scenario 1: untreated anaerobic digestion 
 The untreated anaerobic digestion model is based on laboratory experiments 
assessing the degradation of PLA without pretreatment under anaerobic digestion 
conditions with food waste. Experimental methane production and degradation were used 
from chapter 4. Similar to the model scenario, anaerobic digested sludge was used in the 
anaerobic digester system as an inoculum and was counted as a credit for landfill 
avoidance and production of fertilizer. Since digesting food waste and PLA only results 
in 53% weight reduction of PLA, it is assumed that the digestate is considered 
contaminated and sent to the landfill.  
Alternative scenario 2: landfill  
 The landfill model scenario is based on sending food waste and bioplastic directly 
to the landfill. Ecoinvent treatment of municipal solid waste via sanitary landfill model 
was used in this study. Landfill gas is collected and leachate is treated (Doka, 2007). 
Database has all other inputs associated with municipal solid waste disposal, but not 
solely disposal of food waste and PLA. The landfill model does not accurately represent 
emissions from food waste and PLA only; better data is needed.  
Alternative scenario 3: untreated compost 
 The compost scenario consists of treated PLA and food waste. No treatment was 
administered to the PLA and therefore it was assumed that only 6.25% degradation 
occurred based on Hottle et al. (2016a). After treatment, the compost was screened 
removing PLA that did not degrade and sending the PLA to landfill. The remaining 
material in the compost was used as soil amendment. The soil amendment was counted as 
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credit for fertilizer production avoidance since it is considered a biosolids b and in 
accordance with 40 CFR Part 503 (EPA, 1994a).  
Alternative scenario 4: treated compost 
 Treating PLA with Mineral CSA–byproduct from slag and stainless steel– 
degrades PLA when composted (Hottle et al., 2016b). Although a full field trial of 
mineral CSA treated PLA in food waste compost pile has not been completed, 
preliminary lab trials indicated that PLA degradation with alkaline amendment to 
compost appeared reasonably possible (Hottle et al., 2016a).  Therefore, it was assumed 
10% amendment would be adequate to include PLA in the composting food waste 
without post process screening and separation. Bauxite residue, a waste stream from the 
aluminum production process is alkaline (Power, Gräfe, & Klauber, 2011) and is 
assumed to have similar characteristics of mineral CSA and therefore used as an alkaline 
amendment. A credit for landfill avoidance was taken. In addition, a credit for fertilizer 
off-set from the benefit of compost material was taken.  
 
Life Cycle Impact Assessment (LCIA) 
 The Tool for Reduction and Assessment of Chemical and Other Environmental 
Impacts (TRACI) was used for the LCIA since it is based on methodologies that 
represents the potential effects in the US (Bare, 2002). The following TRACI impacts 
were used herein: eutrophication, acidification, ecotoxicity, global warming, ozone 
depletion, photochemical oxidation, human health carcinogenic, human health non-
carcinogenic and respiratory effects. Cumulative energy demand (CED) was also 
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included as an impact category.  CED characterization factors were assigned to energy 
resources (i.e. non-renewable resources-fossil fuel, non-renewable resources-nuclear, 
non-renewable resources-primary, renewable resources-biomass, renewable resources-
geothermal, renewable resources-solar, renewable resources-water, renewable resources-
wind) (Bösch, Hellweg, Huijbregts, & Frischknecht, 2006). CED was calculated adding 
non-renewable resources–fossil, nuclear and primary forest along with renewable 
resources–biomass, geothermal, solar, water and wind. The total was then multiplied by 
inputs to get total CED.  
Normalization of all impacts to US total emissions to serve as a reference point 
for relative importance of each impact was completed using national characterization 
factors for TRACI 2.1 from 2008 (Ryberg, Vieira, Zgola, Bare, & Rosenbaum, 2014). 
The national characterization factors are reported on an annual basis, therefore, all impact 
categories for each scenario were multiplied by 10,000 (the annual capacity of 1 
anaerobic digester or 1 composting facility) then divided by the corresponding national 
characterization factor to provide a potential percentage of impact produced by 1 facility 
processing a combined food and PLA waste stream for 1 year. Because TRACI 2.1 does 
not report cumulative energy demand, total energy consumption for the US in 2008 was 
obtained from the Department of Energy (DOE) Energy Information Agency’s (EIA) 
Annual Energy Review (AER), and converted from Quadrillion British thermal units 
(BTU) to MJ and used as the characterization factor for CED (EIA, 2016) 
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Results 
Figure 6.2 Figure 6.3 shows the potential impacts for anaerobic digestion 
(untreated and treated), compost (untreated and treated) and landfill analyzed and the net 
contribution of each process. Surprisingly, composting had the highest impacts in most of 
the impact categories. Typically, we think of compost as a sustainable form of waste 
disposal (Maheshwari, Dheeman, & Agarwal, 2014; USDA, 2015); the subsequent 
sections explore this result in detail.  
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Figure 6.2: Potential environmental impacts for compost (untreated and treated), 
landfill, and anaerobic digestion (untreated and treated).   
(a) eutrophication, (b) acidification, (c) ecotoxicity, (d) global warming, (e) ozone 
depletion, (f) photochemical oxidation.  
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Figure 6.3: Potential environmental impacts for compost (untreated and treated), 
landfill, and anaerobic digestion (untreated and treated). (a) human health carcinogenic, 
(b) human health non-carcinogenic, (c) respiratory effect, and (d) cumulative energy demand.  
 
Compost 
 The compost unit process had unexpectedly high environmental impacts in 
acidification, eutrophication, global warming potential, ozone depletion, photochemical 
oxidation, respiratory effect and cumulative energy demand (Figure 6.2 and Figure 6.3). 
The LCI data in Ecoinvent v3.1 came from Edelmann et al. (2000) study where 
researchers collected data from an existing Swiss automated composting plant with 
 
 
 
 
121 
biofilters and an open compost using windrows. Data from Edelmann et al. (2000) were 
used in this study to yield similar results such as, compost emission being higher than 
anaerobic digestion and incineration (Edelmann et al., 2000).  On the contrary, Hottle et 
al. (2017) reports reduction of ozone depletion, eutrophication and global warming 
potential for composting of PLA. Composting environmental impacts and contributions 
from food waste and PLA are not certain because of opposing results from 
aforementioned studies. Further research needs to be done to verify composting LCA 
results for more accurate comprehensive. For the purpose of this study, Ecoinvent data 
was used since there is not available data that assess emissions from composting PLA and 
food waste.  
A credit was given to the treated composting scenario where alkaline amendment 
was used to improve PLA degradation; the credit resulted from avoided landfilling of the 
alkaline clay amendment. In most cases, the net impacts from compost treated and 
untreated scenarios were greater than both AD and landfill.   
Compost Eutrophication 
Composting of food waste and PLA is the largest contributor to eutrophication 
(Figure 2a) due to nutrient run-off (i.e. 43% nitrate and 43% phosphate aqueous 
emissions) during the composting process (Edelmann et al., 2000). Rainfall and flooding 
contributions increase phosphate emissions that come in window sides (W Edelmann & 
K Schleiss, 1999). The end product of composting food waste and PLA is used as a soil 
amendment, which results in a credit due to replacing synthetic N and P fertilizers and 
reduces the net eutrophication impact.   
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Compost acidification 
In both compost scenarios, most of the acidification contribution comes from SO2 
(40%) and N2O (23%) air emissions during the operation of the compost facility (Werner 
Edelmann & Konrad Schleiss, 1999) (Figure 6.2b). Sulfur dioxide is also produced 
during the fermentation process of composting and contributes to acid rain (Edelmann et 
al., 2000; Smet & Van Langenhove, 1998).  
Compost ecotoxicity  
Untreated compost has the least contribution to ecotoxicity compared to the other 
scenarios due to landfill avoidance of compost amendment (Figure 6.2c). Compost 
untreated scenarios for food waste and PLA contribute to ecotoxicity because of zinc 
emissions to the water (Figure 6.2c). Zinc contaminations of soil exist worldwide, and 
plants often uptake Zn metals. As such, it was assumed that zinc was already present in 
the input food waste stream (Adriano, 1986; Edelmann et al., 2000; Shuman, Dudka, & 
Das, 2001).  
Compost global warming potential 
Untreated and treated compost have significantly more global warming potential 
compared to the other waste methods for food waste and PLA (Figure 6.2d). The majority 
of GHG emissions originate from the fermentation of the food waste and PLA as well as 
the compost operation process; 5% from CH4 and 95% from CO2 emissions with less 
than 1% gaseous emissions of N2O, H2S and NH3 (W Edelmann & K Schleiss, 1999). 
The compost operation process requires significant automation and machinery. There are 
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several studies that have detected CH4 emissions as well from composting (Amlinger, 
Peyr, & Cuhls, 2008; Andersen, Boldrin, Christensen, & Scheutz, 2010; Gronauer et al., 
1997). Amlinger et al. (2008) estimated composting to contribute very little to the 
national GHG inventories if composting process is controlled, however, the composting 
scenario modeled in the LCI database was an open windrow facility with little to no 
emission control. Composting is an aerobic decomposition process and results in 
emissions of CO2 and H2O; however due to the heterogeneous mixture of compost piles, 
some CH4 emissions occur due to pockets of anaerobic conditions within the pile (Bogner 
et al., 2007; Werner Edelmann & Konrad Schleiss, 1999).  
Compost ozone depletion 
Ozone depletion potential (Figure 6.2e) for untreated and treated compost is the 
highest due to significant CFC-113 (53%) and Halon 1301 (30%) (Edelmann et al., 
2000). Composting is a highly automative and energetic process consisting of rotten 
canal, ventilation machines, transfer device, humidification pumps, spiral mixers, 
converter, conversion device, conveyor belt, and leachate collector which causes 
considerable impacts (Edelmann et al., 2000).  
Compost photochemical oxidation 
Untreated and treated compost has the highest photochemical oxidation impacts 
due to significant electricity demands (Edelmann et al., 2000). There is a plethora of 
equipment that requires electricity to operate. In order to operate the open compost 421 
GJ are needed (W Edelmann & K Schleiss, 1999).  
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Compost human health carcinogenic 
Human health carcinogenic impacts for untreated and treated composting occur 
due to heavy metals (Figure 6.3a). Heavy metals in compost are due to air and rain, 
abrasion of machine (pieces of metal breaking of from crushing aggregates) and 
micronutrient for plant growth (Werner Edelmann & Konrad Schleiss, 1999; Edelmann et 
al., 2000). Landfill of food waste and PLA have the least impacts for potential 
contribution to human health carcinogenic impacts (Figure 6.3a). 
Compost human health non-carcinogenic 
Treated compost human health non-carcinogenic impacts are negative and are 
caused by credits from landfill avoidance of soil amendment (Figure 6.3b). On the other 
hand, landfill of food waste and PLA have the highest potential impact for non-
carcinogenic impacts due to zinc leachate to ground water (Frischknecht et al., 2007) 
(Figure 6.3b). Treated anaerobic digestion has the lowest potential for human health non-
carcinogenic impacts due to offsets from landfilling of anaerobic digested sludge and 
recycling anaerobic digested slugged back into digester as inoculum.  
Compost respiratory effect 
Untreated and treated compost results in high respiratory effect potential due to 
particulate matter emissions (60%) (Edelmann et al., 2000) (Figure 6.3c). Sawdust was 
intended to reduce nitrogen losses, but instead created poor climate conditions and led to 
an increase in particulate matter (W Edelmann & K Schleiss, 1999). The addition of 
sawdust highlights the environmental trade-offs associated with respiratory effect and 
eutrophication.   
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Compost cumulative energy demand 
Composting food waste and PLA cumulative energy demand are 132-165% 
higher than landfilling food waste and PLA. Operating compost requires more than 
100kwh electricity per ton of waste (W Edelmann & K Schleiss, 1999), whereas landfill 
equipment energy demands are relatively low (EPA, 2015c). Composting is an energy 
intensive process consisting of rotten canal, ventilation machines, transfer device, 
humidification pumps, spiral mixers, converter, conversion device, conveyor belt, and 
leachate collector (Edelmann et al., 2000).  
 
Anaerobic digestion (untreated and treated) and landfill environmental impacts  
Comparison of different waste handling scenarios 
 Landfilling food waste and PLA appears better than composting overall as shown 
in Figure 6.2 and Figure 6.3, which counters the commonly accepted belief that 
landfilling is always the worst option. Treated anaerobic digestion of food waste and PLA 
results in the least environmental impact for ecotoxicity, eutrophication, global warming 
potential, and human health non-carcinogenic (Figure 6.2 and Figure 6.3). This is mainly 
due to the avoided production of fertilizer and avoided landfilling of anaerobic digested 
sludge.  
Eutrophication 
The net potential impact on eutrophication is the highest for untreated anaerobic 
digestion due to treatment of anaerobic digested sludge (Figure 6.2a). Treated and 
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untreated anaerobic digesters contribute to eutrophication due to phosphate (84%) 
emissions to the ground water. The emissions are due to pre and post storage of materials, 
before digestion and after (Lijó et al., 2014). High eutrophication impacts were also seen 
in Mezullo et al. (2013) due to operation of the digester. Treated anaerobic digestion has 
negative net impact on eutrophication because of the credit from avoided fertilizer 
production and landfilling of anaerobic digested sludge. Landfill eutrophication impact is 
low compared to the other treatment options because landfill does not emit environmental 
potential compounds.  
Acidification 
Landfill has the lowest net acidification potential impact due to leachate treatment 
of organic substrates in effluent (Raghab, Abd El Meguid, & Hegazi, 2013) and no 
emissions from pretreatment and synthetic fertilizer (Figure 6.2b). Biogas scrubbers in 
treated and untreated anaerobic digestion operational process results in acidification 
impacts due to the amount of biogas that produced from the large amount of food waste 
and PLA. In addition, the combustion of biogas from the anaerobic digestion of food 
waste and PLA results in SO2 emissions (Stucki et al., 2011).  
Ecotoxicity 
Treated anaerobic digestion has the highest net negative ecotoxicity potential 
since large amounts of anaerobic digested sludge are used in the anaerobic digestion 
treatment process (Figure 6.2c). Sending anaerobic digested sludge to digester avoids 
landfill. Contrary to treated anaerobic digestion, landfilling food waste and PLA has the 
highest ecotoxicity potential because of the zinc leachate (Waara, 2013).    
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Global warming potential 
 Treated anaerobic digestion has the least net global warming potential due to 
pretreatment of food waste and PLA (Figure 6.2d). Treated anaerobic digestion has 
negative GHG emissions resulting from avoided landfilling of anaerobic digested sludge, 
avoided production of synthetic fertilizer as well as energy production from food waste 
and PLA. Since anaerobic digestion generates electricity there is a saving of non-
renewable energy (Güereca, Gassó, Baldasano, & Jiménez-Guerrero, 2006). Treated and 
untreated anaerobic digestion methane production was calculated from experiments 
(Chapter 4) and are counted as offset similar to Evangelisti et al. (2014) study.  
Ozone depletion 
 Landfill of food waste and PLA has the least potential impact for ozone depletion 
due to no emission from pretreatment and anaerobic digested sludge (Figure 6.2e). 
Although there are potential ozone emissions from treated and untreated anaerobic 
digestion of food waste and PLA, the contribution is small and is considered negligible 
(Stucki et al., 2011). Ozone depletion is caused by the release of halon 1301 (71%) such 
as bromotrifluoromethane during combustion of the biogas (Stucki et al., 2011).  Similar 
results is also observed in Whiting & Azapagic study (2014).  
Photochemical oxidation 
Landfilling food waste and PLA has the least photochemical oxidation potential 
(Figure 6.2f). Treated and untreated anaerobic digestion of food waste and PLA has high 
photochemical oxidation potential largely owing to emissions of nitrogen oxide (Stucki et 
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al., 2011). Treated and untreated anaerobic digestion potential is high for photochemical 
oxidation due to cogeneration unit which emits nitrogen oxides  (Guo et al., 2011).  
Human health carcinogenic and non-carcinogenic 
Landfill of food waste and PLA have the least impacts for potential contribution 
to human health carcinogenic impacts (Figure 6.3a). On the other hand, landfill of food 
waste and PLA have the highest potential impact for non-carcinogenic impacts due to 
zinc leachate to ground water (Frischknecht et al., 2007) (Figure 3b). Alkan et al. (1996) 
finds that majority of the carcinogenic impact comes from chromium, which is a highly 
carcinogenic, from the accumulation of the metal in the biomass. The accumulation of the 
metal comes from infrastructure (Stucki et al., 2011). Treated anaerobic digestion has the 
lowest potential for human health non-carcinogenic impacts due to offsets from 
landfilling of anaerobic digested sludge and using anaerobic digested sludge as an input 
for anaerobic digestion. 
Respiratory Effect 
Landfill scenario of food waste and PLA has the least potential impact for 
respiratory effect (Figure 6.3c). Untreated and treated anaerobic digestion potential 
respiratory impact contribution comes mostly from the anaerobic digested sludge (Figure 
6.3c). The respiratory effect potential impact is high due combustion of biogas in 
cogeneration unit and exhaust emissions produced (Stucki et al., 2011).  
Cumulative energy demand 
Untreated and treated anaerobic digestion results in negative emission potential 
for cumulative energy demand (Figure 6.3d). The cumulative energy demand is low for 
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untreated and treated anaerobic digestion because there was a credit or avoided 
emissions. In addition, biogas produced from untreated and treated food waste and PLA 
is purified and processed through cogeneration plant that assist in anaerobic digestion 
operation (Stucki et al., 2011). Anaerobic digested sludge was used in both untreated and 
treated anaerobic digesters as an inoculum. Treated anaerobic digestion has the lowest 
impact potential for cumulative energy demand because of the production of fertilizer 
from the anaerobic digestion process and anaerobic digested sludge credit is given since 
landfilling is avoided (Figure 6.3d).  
Normalized Impact Assessment 
 Figure 6.4 shows the comparative environmental and human health impacts result 
from using anaerobic digestion (untreated and treated), compost (untreated and treated), 
and landfill to treat food waste and PLA. For each impact, the results are normalized to 
the waste management option with the greatest overall impact. Treated anaerobic 
digestion for food waste and PLA is preferable in seven impact categories compared to 
the other waste management alternatives. In the ecotoxicity category, AD with treated 
PLA exhibits fewer impacts than other waste management alternatives; most of this 
impact results from avoided impacts from landfill of digested sludge. Global warming 
and cumulative energy demand potential were less for treated anaerobic digested sludge 
due to avoidance of landfilling anaerobic digested sludge and resulting product–soil 
amendment. Eutrophication, ozone depletion, and respiratory effect impacts are less for 
treated anaerobic digestion most of which is coming from avoided landfill of digested 
sludge and fertilizer production avoidance. Human health non-carcinogenic potential 
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impacts 
are less 
for 
treated 
anaerobic 
digestion, 
most of 
which is 
coming 
from 
avoided 
landfill of 
digested 
sludge.  
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Landfilling of food waste and PLA performs better in three impact categories. 
Acidification achieved the lowest potential impact for landfilling food waste and 
PLA.  Potential human health carcinogenic was lowest for landfilling of food waste and 
PLA due to low environmental impact from operational process. Finally, ozone depletion 
for landfill food waste and PLA had minimum impact. While the utilization of treated 
anaerobic digestion for food waste and PLA may offer some life cycle-based human and 
environmental benefits, anaerobic and compost operations require specific inputs for 
operation that landfill does not need. 
Normalizing all impact categories to the total annual US impact factors for one 
waste processing facility (with a 10,000 kg annual capacity) for one year allows for 
determining the relative importance of each impact on a national scale. All normalized 
scenario impacts were less than ± 2.6 x 10-7% (Figure 6.5), with acidification, global 
warming, ozone depletion, photochemical oxidation, respiratory effects and CED 
showing the least relative importance, falling below ± 1.2 x 10-8%. The impact categories 
of greatest importance were ecotoxicity, eutrophication, carcinogenics and non-
carcinogenics. Treated AD showed the greatest benefits for three of the four impact 
categories of the greatest relative importance, with net reductions in ecotoxicity, 
eutrophication and non-carcinogenics. However, landfill showed the lowest relative 
impact for carcinogenics and both AD scenarios showing the greatest relative impact out 
of all impact categories. With this view of relative importance of the impact categories, 
the treated AD scenario appears to provide the greatest benefits, with the least negative 
impacts other than carcinogenics. Because of the relatively high carcinogenic human 
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health impact potential, it would be advisable for the AD industry to pursue decreasing 
these potential carcinogenic impacts, and/or contributing to cancer research to offset the 
potential harm to human health.  
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Figure 6.5: Im
pact categories for all scenarios norm
alized to the U
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ational Im
pact 
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haracterization Factors for 2008. 
 
 
 
 
 
134 
Sensitivity Analysis  
Sensitivity analysis helps evaluate the robustness of life cycle assessment results 
and uncertainty factors (Wei et al., 2015). Sensitivity analysis was not performed at this 
time, but the following describes what parameters should be evaluated in future work. 
Results show that landfill avoidance and avoided fertilizer production is vital for the 
overall environmental impacts for anaerobic digestion (untreated and treated) and 
compost (untreated and treated). It is therefore imperative to evaluate the substitution of 
synthetic fertilizers by using different phosphate, potassium and nitrogen values from 
literature. Increasing or decreasing percentage of phosphate, potassium and nitrogen 
values may change overall environmental impact.  
Untreated and treated anaerobic digestion of food waste and PLA results were based on 
experimental food waste to PLA ratio (Chapter 4). It was assumed that experimental 
results equated to industrial scale use. Therefore, it is advantageous to change parameters 
to highlight impacts of higher and lower ratios of food waste to PLA in untreated and 
treated anaerobic digesters.  
Given that the results for untreated and treated compost of food waste and PLA 
were shocking, it is important that a sensitivity analysis be conducted evaluate the 
potential fluctuation of the model. Therefore, it is worthwhile investigating the impacts of 
changing food waste to PLA input ratio, changing the amendment quantity to equal the 
amount of PLA or to be twice the amount of PLA composted. In addition, changing the 
amount of fertilizer benefits and offsets may affect amount of avoided fertilizer and 
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environmental impact. Lastly, changing transportation parameter could lead to significant 
potential impact for untreated and treated compost of food waste and PLA.   
 
Conclusion  
Four out of ten potential impact analyzed are the lowest when sending food waste 
and treated PLA to anaerobic digestion: ecotoxicity, eutrophication, global warming and 
human health non-carcinogenic. In most cases, the net impacts from composting (both the 
untreated and treated scenarios) were greater than other waste management scenarios. 
The landfill scenario had lower impacts than composting in all cases except ecotoxicity 
and non-carcinogenics.  These results are notable, as it appears landfilling food waste and 
PLA seems better than composting, which is counter to commonly accepted belief that 
landfilling is always the worst option. However, there is some disagreement in the 
literature about compost inputs, outputs and emissions as it relates to environmental 
impact and it is imperative further research be conducted to verify results.  
 Landfilling food waste and PLA result in lowest impacts for six out of ten impact 
categories analyzed: acidification, human health carcinogenic, ozone depletion, 
photochemical oxidation, respiratory effect, and cumulative energy demand. Landfilling 
does not require the same inputs for operation as anaerobic digestion and treated 
compost. The increased amount of biowaste for untreated and treated compost results in 
higher environmental impacts.   
  
 
 
 
 
136 
CHAPTER SEVEN  
 
CONCLUSION 
 
For Research Question 1.) What is the optimal mixing ratio of food waste to 
anaerobic digested sludge (ADS) that will increase bioavailability for methane 
production?,  this research found that food waste to inoculum ratio 1.42 g chemical 
oxygen demand (COD)/g volatile solid gave the best balance of high methanogenic yield 
with short lag time. In addition, this study identified mechanisms such as measurement of 
COD, alkalinity, volatile fatty acids, and Nitrogen that must be considered for co-
digestion of food waste. The analysis of the results provide practical guidance on 
optimizing food waste to inoculum ratios and provides a foundation for introduction of 
various substrates that can lead to methane yield.  
 For Research Question 2.) Can polylactic acid’s (PLA) percent of mass 
degradation be accelerated using alkaline pretreatment?, this research found that 
amorphous and crystalline PLA reached 97% and 99% solubilization respectively when 
alkaline pretreatment was applied.  Additionally, pretreated crystalline have high organic 
semi soluble chemical oxygen demand. Pretreating PLA with an alkaline pretreatment 
accelerates degradation and have favorable characteristic of being a likely candidate for 
yielding methane under anaerobic conditions. 
 For Research Question 3.) How much methane can pretreated PLA and food 
waste yield when anaerobically digested?, this research found that treated crystalline PLA 
and food waste produced the most methane compared to untreated crystalline PLA and 
food waste at 1021 mL of cumulative methane at day 70. From this research a biphasic 
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curve was observed, highlight the complexity of introducing multiple substrates in 
anaerobic digester.  
 For Research Question 4.) What are the environmental impact for co-treated PLA 
and food waste using anaerobic digestion to manage waste versus conventional waste 
management techniques as it relates to city and rural systems?, this research found 
anaerobic digestion of food waste and PLA was the best option and emitted the least 
amount of CO2 equivalent emissions compared to compost and landfill in municipalities. 
In addition, the life cycle environmental impacts of anaerobically digesting food waste 
and treated alkaline PLA were the lowest for ecotoxicity, eutrophication, global warming 
and human health non-carcinogenic when compared to landfill and compost (untreated 
and treated). Although PLA is not currently present in rural communities like Sittee 
River, Belize, anaerobic digestion of food waste results in the least CO2 equivalent 
emissions when compared to burning and burying. Introducing anaerobic digestion as a 
new waste management technique in rural communities may prove to reduce GHG gas 
emissions while providing a fuel for essential needs.  
 The following findings from this research suggest that food waste and PLA waste 
streams can be handled together in a way that leads to more effective waste management 
techniques, lower emissions and accelerated degradation of PLA via anaerobic digestion. 
Utilizing wasted organics’ energy potential and nutrient-rich biosolids fosters a holistic 
cradle-to-cradle framework and increases renewable energy fuel contribution to energy 
demands. In addition, community engagement and empowerment is imperative to 
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successful adoption of anaerobic digestion technology itself, especially in rural 
communities. Therefore, the following are recommended:  
• community members behaviors and motivations for changing the way food waste 
and PLA are currently managed be assessed and understood,  
• exploration into industrial alkaline waste by-products as a method of accelerating 
degradation of PLA,  
• and decision-making tools for anaerobic digester facility operators seeking to co-
digest food waste and PLA.  
Insight from this research can be used to inform sustainable waste management options 
for food waste and PLA.  
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APPENDIX A 
 
SUPPLEMENTAL MATERIAL: ENHANCING ANAEROBIC DIGESTION OF 
FOOD WASTE THROUGH BIOCHEMICAL METHANE POTENTIAL ASSAYS 
AT DIFFERENT SUBSTRATE: INOCULUM RATIOS  
 
Figure A.1 shows the cumulative methane productions for negative controls, 
with no food waste added, that were established for each food waste (FW) and anaerobic 
digested sludge (ADS) ratio.  
 
Figure A.1: Cumulative methane production of negative controls 
 
 
The  negative  control  0.42,  in  Figure A.2,  has  anomalies  that  do  not  
accurately  reflect  the cumulative   methane   production,   methanogenic   yield   and   
CH4-­‐COD   normalized.   The positive control (ADS, H2O and 0.75g acetate) is included 
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to show that the inoculum was in good condition.  The  CH4   for  0.42  declined  a  bit  
when  dynamic  calculations  with  the negative   controls   were   applied.   The   
anomalies   could   have   possibly   resulted   from discrepancies in the volume loading 
of ADS to basal media.  Therefore, the negative controls were not subtracted from the 
cumulative methane production and CH4-­‐COD normalized to food waste throughout the 
run of the experiments (Figure 2.1 in manuscript, Figure A.3 and Figure A.4). 
 
Figure A.2: Cumulative methane production for each FW:AD ratios after inoculum 
subtraction. 0.42 exhibited some anomalies after day 10, due to greater gas production in 
the negative control.  It is important to note that the initial normalized methane 
production rate was very high for the first 10 days. 
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Figure A.3: Methanogenic yield of food waste and ADS at given ratios without 
dynamic subtraction. 
 
 
Figure A.4: CH4 COD normalized to Food Waste and Anaerobic Digested Sludge at 
given ratios without dynamic subtraction of the negative controls. 
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Figure A.5: Food waste methanogenic yield at day 70. 
 
 
Figure A.6: Cumulative hydrogen production from ADS and FW at ratios 0.42, 1.42 
and 3.0 with positive control showing the inoculum is in good condition. 
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Figure A.7 summarizes the fate of COD from food waste at the end of the BMP 
tests.  Ratio 1.42 had the highest COD conversion to CH4, 52% of the initial TCOD from 
food waste.  Ratio 3.0 had 42% conversion, and ratio 0.42 has only 27%. TCOD in the 
liquid phase did not vary   much   by   food-­‐waste   ratio, being   from   36% to 44%.  
Therefore, poorer COD stabilization to CH4 correlated to by commensurate increases in 
“unaccounted” sinks, which could have been sulfate reduction – since there were meats 
and proteins in the food waste.  Unaccounted COD for ratios 0.42 and 1.42 is in the range 
of approximately 15--­‐20% in ADS.  However, ratio 3.0 had less inoculum, not a lot of 
active biomass and more food waste compared to ratio 0.42 and 1.42. H2 gas was not a 
COD sink, since H2 was not able to be measured at the end of all BMP assays.  Only ratio 
3.0 has any measurable hydrogen, and it was only 0.3% of the starting TCOD and within 
the first 10 days.  
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Figure A.7: Fate of TCOD at the end of the BMP tests. 
 
 
Basal Media Formulation 
The basal media is comprised of a heavily buffered solution with basic nutrients 
that are required for bacteria growth, but no electron donor.   For the basal media, the 
following components were mixed in 5L of 18.2MΩ deionized (DI) water until dissolved: 
2 g NH4Cl, 60.2 g Na2HPO4, 10.25 g KH2PO4, and 50 mL of trace minerals solution. The 
trace minerals solution consists of the following in 1L of 18.2MΩ DI water: 0.5 g EDTA, 
0.114 g CoCl2•2H2O, 0.01 g H3BO3, 0.02 g Na2MoO4•2H2O, 0.001 g Na2SeO3, 0.01 g 
Na2WO4•2H2O, 0.02 g NiCl2•6H2O, 1.16 g MgCl2, 0.59 g MnCl2•4H2O, 0.05 g ZnCl2, 
0.01 g CuSO4•5H2O, 0.01 g AlK(SO4)2, and 0.114 g CaCl2•2H2O.  Once mixed, the basal 
media was autoclaved and stored at 4ºC until use.  
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We based the recipe on the mean quantities of food in each food category 
observed over weekly sampling from Costello et al. 2015 study in Table A.1. All food 
items used for the recipe were purchased at Wal-mart shopping center.  
 
Table A.1: Food waste recipe. 
Food Edible (g) Inedible (g) 
Wheat products 
Bowties 266 - 
Tortilla  295 - 
Wheat bread 453 - 
White bread 398 - 
Hamburger buns  309 - 
Pork products 
Pork 98 - 
Vegetables  
French fries 79 - 
Tomato 145 - 
Broccoli 170 - 
Carrot 133 - 
Lettuce  143 - 
Dairy 
Cheese  37 - 
Beef products 
Ground beef 225 - 
Fruit 
Orange 170 115 
Apple  161 34 
Banana 131 104 
Cantaloupe peels - 130 
Eggs 
Scrambled eggs 135 21 
Poultry product 
Chicken  305 - 
Fish 
Tilapia 48 - 
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Statistical Analysis  
To determine statistical significance, we performed two-sample two tail t-test using the 
Data Analysis add-on in Microsoft Excel 2010.  The t-test was performed assuming equal 
variances to assess the impact of this assumption.  We applied an alpha equal to 0.05 
(95% confidence level) and hypothesized mean difference equal to zero.  
 
Table A.2: T-test Sample Assuming Equal Variances Comparing Ratios 0.42 and 
1.42.  
  0.42 1.42 
Mean 134.0219848 53.18901578 
Variance 10787.58028 1274.813108 
Observations 5 5 
Pooled Variance 6031.196697 
 Hypothesized Mean 
Difference 0 
 df 8 
 t Stat 1.645723191 
 P(T<=t) one-tail 0.069219522 
 t Critical one-tail 1.859548038 
 P(T<=t) two-tail 0.138439043 
 t Critical two-tail 2.306004135   
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Table A.3: T-test Sample Assuming Equal Variances Comparing Ratios 1.42 and 
3.0.  
  1.42 3.0 
Mean 53.18901578 
-
0.695448485 
Variance 1274.813108 50.2305955 
Observations 5 5 
Pooled Variance 662.5218519 
 Hypothesized Mean 
Difference 0 
 df 8 
 t Stat 3.310041738 
 P(T<=t) one-tail 0.005348773 
 t Critical one-tail 1.859548038 
 P(T<=t) two-tail 0.010697546 
 t Critical two-tail 2.306004135   
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APPENDIX B 
 
SUPPLEMENTAL MATERIAL: COMPARATIVE LIFE CYCLE ASSESSMENT 
OF POLYLATIC ACID AND FOOD WASTE DISPOSABLE METHODS 
 
 
 
Table A.4: Lifecycle Inventory  
 
Data description Unit Unit Source 
Food waste and Bioplastic Functional 
Unit 1 kg 
 Anaerobic digestion treated 
Input 
Food waste input  
4.6
% 
Percent by 
mass 
measured shakira's 
experiment 
Anaerobic digested sludge input 
40.2
% 
Percent by 
mass 
measured shakira's 
experiment 
Water 
48.5
% 
Percent by 
mass 
measured shakira's 
experiment 
Hydrochloric Acid input  
3.0
% 
Percent by 
mass 
measured shakira's 
experiment 
Sodium Hydroxide input 
3.1
% 
Percent by 
mass 
measured shakira's 
experiment 
Polylactic Acid input 
0.6
% 
Percent by 
mass 
measured shakira's 
experiment 
Output 
Methane produced 
0.3
% 
Percent by 
mass 
measured shakira's 
experiment 
Carbon dioxide produced 
0.1
% 
Percent by 
mass 
measured shakira's 
experiment 
Biosolids (sludge) 
13.0
% 
Percent by 
mass 
measured shakira's 
experiment 
Biosolids-ash(inert) 
4.6
% 
Percent by 
mass calculated Liu, et al. 2000 
Water 
48.5
% 
Percent by 
mass 
measured shakira's 
experiment 
Influent consumed  
26.9
% 
Percent by 
mass 
measured shakira's 
experiment 
*Chemical outptuts 7% 
Percent by 
mass 
measured shakira's 
experiment 
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Calculation Parameters 
Biosolids- food waste 5% 
Percent of total 
solid calculated Liu, et al. 1999 
Biosolids-ash from sludge 11% Percent of TS calculated Liu, et al. 1999 
Sodium Hydroxide for Scrubber per 
carbon dioxide 4.3 gram per gram 
calculated Tippayawong 
2007 
CO2 Removal Efficeincy 93 
Percent by 
volume 
calculatedTippayawong 
2007 
Moisture content 30 
Percent by 
mass 
calculated waste 360 
(Miller, 2000) 
Phosphate fertlizer 46 g/kg TS calculated Tambone, 2010 
Potassium oxide fertilizer 5 g/kg TS calculated Tambone, 2011 
Nitrogen fertilzer  4.6 percent of TS calculated Davidsson, 2007 
Anaerobic digestion untreated 
Input 
Food waste input 10% 
Percent by 
mass 
measured shakira's 
experiment 
Anaerobic digested sludge input 49.7 
Percent by 
mass 
measured shakira's 
experiment 
Polylactic acid input 1% 
Percent by 
mass 
measured shakira's 
experiment 
Output 
Methane produced 1% 
Percent by 
mass 
measured shakira's 
experiment 
Carbon dioxide produced 
0.2
% 
Percent by 
mass 
measured shakira's 
experiment 
Biosolids (sludge) 29% 
Percent by 
mass 
measured shakira's 
experiment 
Biosolids (inert) 11% 
Percent by 
mass 
measured shakira's 
experiment 
Polylactic Acid output 1% 
Percent by 
mass 
measured shakira's 
experiment 
Influent consumed  59% 
Percent by 
mass 
measured shakira's 
experiment 
Calculation Parameters 
Biosolids- food waste 5% 
Percent of total 
solid calculated Liu, et al. 1999 
Biosolids-ash from sludge 11% 
Percent of total 
solid calculated Liu, et al. 1999 
Sodium Hydroxide for Scrubber per 
carbon dioxide 4.3 gram per gram 
calculated Tippayawong 
2007 
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CO2 Removal Efficeincy 93% 
Percent by 
volume 
calculated Tippayawong 
2007 
Moisture content 30% 
Percent by 
mass 
calculated waste 360 
(Miller, 2000) 
Compost  treated 
Food waste input 67% 
Percent by 
mass calculated troy's paper 
Polylactic Acid input 13% 
Percent by 
mass calculated troy's paper 
Soil amendment 20% 
Percent by 
mass calculated troy's paper 
Compost  untreated 
Food waste input  83% 
Percent by 
mass calculated troy's paper 
Polylactic Acid input 17% 
Percent by 
mass calculated troy's paper 
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